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163; and dele from line 15 fi*om top, on page 168, beginning 
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only a small amoulit of money can be obtamea tor tne 
purchase of the apparatus needed in teaching science. 
These little books will show how many really excellent 
experiments may be made with the outlay of a few dol- 
lars, a little mechanical skill, And.— patience. This last 
commodity neither I nor the school can furnish. The 
teacher is called on to supply this, and to give it as his 
share in the work of bringing the teaching of experimen- 
tal science into our schools. 



PREFACE. 



The books of the " Experimental Science Series for 
-Beginners" originated in the. earnest and honest desire 
to extend a knowledge of the art of experimenting, and 
to create a love of that noble art, which has worked so 
much good in our generation. 

These books, though written for all those who love 
experiments, and wish to know how to make them with 
cheap and simple apparatus, will, it is hoped, be found 
useful to teachers, and especially to the teachers and stu- 
dents in our Normal Schools. The majority of those who 
go from these schools will be called to positions where 
only a small amount of money can be obtained for the 
purchase of the apparatus needed in teaching science. 
.These little books will show how many really excellent 
experiments may be made with the outlay of a few dol- 
lars, a little mechanical skill, smd.— patience. This last 
commodity neither I nor the school can furnish. The 
teacher is called on to supply this, and to give it as his 
share in the work of bringing the teaching of experimen- 
tal science into our schools. 
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When the teacher has once obtained the mastery over 
the experiments he will never after be willing to teach 
without them ; for, as an honest teacher, he will know 
that he cannot teach without them. 

Well-made experiments, the teacher's clear and sim- 
ple language describing them, and a free use of the black- 
board, on which are written the facts and laws which the 
experiments show — these make the best text-books for 
beginners in experimental science. 

Teach the pupil to read Nature in the language of ex- 
periment. Instruct him to guide with thoughtf ulness the 
work of his hand, and with attention to receive the teach- 
ings of his eyes and ears. Books are well — ^they are in- 
dispensable in the study of principles, generalizations, and 
mathematical deductions made from laws established by 
experiment — ^but, " Ce n'est pas assez de savoir les prin- 
cipes, il faut savoir MANIPTJLER." 

Youths soon become enamored of work in which 
their own hands cause the various actions of Nature to 
appear before them, and they find a new delight in a 
kind of study in which they receive instruction through 
the doings of their hands instead of through the reading 
of books. 

The object of this second book of the series is to show 
how to make a connected series of experiments in Sound. 
These experiments are to be made with the cheapest and 
simplest apparatus that the author has been able to devise. 
I have tried to be plain in giving directions for the con- 
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Dtraction and use of tMs apparatus. In my descriptions 
of the experiments I have endeavored to be clear ; but in 
this I may have failed. If I have, I am sure that the. ex- 
periments themselves are true, honest, and of good report, 
and will supply all the shortcomings of language, which, 
even from the best pens, gives but a weak and incomplete 
conception of an experiment. 

In Chapter II. is given an account of the order of the 
experiments. These have been carefully selected, and 
arranged so that one leads to the next. Euch experiment 
has been made by me over and over again, and the series 
has been performed before me by beginners in the art. I 
therefore know that they will all succeed if my directions 
are perseveringly followed. The experiments are num- 
bered in order up to 130, so that they may be referred to 
from this work, and from the other books of the s^ri^s. 

Several of the instruments described are new, and 
many of the experiments are so pleasing in their action 
that they may be of interest to my scientific brethren, and 
to those engaged with college classes. I would refer to 
the instruments or experiments described in Experiments 
1, 2, 17, 33, 34, 43 to 59, 61, 65, 66, 67, 68, 69, 70, 73, 74, 
78, 79, 100, 104, 105, 107, 108, 110, 112, 121, 122, 125, 

126, 127. 

A lively interest has recently been excited in the sub- 
ject of Sound by two of the most remarkable inventions 
of this century : Bell's Telephone, aud the Speaking and 
Singing Phonograph of Mr. Thomas A. Edison. The first 
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named of these inventions will be described in the fourth 
book of the series ; the second I describe, with two ex- 
cellent engravings, at the end of this volume. 

The experiments have been completed for the remain- 
ing books of the series, which will appear in the following 
order (L " Light ; " 11. " Sound," already published) : IH. 
" Vision, and the Nature of Light ; " IV. " Electricity 
and Magnetism ; " V. " Heat ; " VI. " Mechanics ; " VH. 
" Chemistry ; " VIII. " The Art of Experimenting with 
Cheap and Simple Instruments." 

Mr. Barnard, who was associated with me in writing 
the book on " Light," found that his engagements did not 
permit him to continue his work on the series. 

Since the publication of " Light " I have received the 
request, from various parts of the country, that I should 
make arrangements with some competent instrument- 
maker, who will supply sets of apparatus to go with the 
books of the series. This I have done, and Messrs. George 
Wale & Co., instrument-makers to the Stevens Institute 
of Technology, Hoboken, New Jersey, will supply the 
sets of apparatus for " Light " and " Sound " at the rates 
given in their price-list at the end of this volume. The 
separate pieces of the apparatus for " Sound " are num- 
bered to correspond to the numbers of the expeiiments in 
the book. By this plan the purchaser knows which pieces 
of apparatus go together, and is also informed of their 
uses. The student may find it cheaper to hunt up the 
materials, and then make his own apparatus ; but so 
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many have desired to have the sets ready for use that I 
have complied with their request. Of course it will be 
understood that the instrument-maker must be paid for 
the time taken in finding the objects in the market, and 
for the labor and skill spent in making the apparatus, 
and in packing it in convenient boxes. 
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CHAPTER I. 

INTRODUCTION. 

To know how the various sounds of Nature and of 
music are made ; to understand the action of the mechan- 
ical contrivances in our throat and ears, with which we 
speak and hear ; to be able to explain the cause of the 
-different tones of musical instruments ; to know why cer- 
tain notes sounded together give harmony, while others 
make discord : such knowledge is certainly valuable, cu- 
rious, and interesting. You may read about these things, 
but a better way is to study the things themselves, by 
making experiments, and these experiments will tell you 
better than books about the causes and the nature of 
sounds. 

To make an experiment means to put certain things 
in relation with certain other things, for the purpose of 
finding out how they act on each other. An experiment 
is, therefore, a finding out. 

It is the aim of this book to show you how to construct 
your own apparatus out of cheap and common things, and 
to aid you in becoming an experimenter. The student 
should, with patience and thoughtf ulness, make each ex- 
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periment in order, for they have been arranged so that 
one leads naturally to the making and understanding of 
the next. If the first, second, or even third trial does not 
give success, do not be discouraged, for the oldest and 
most gifted experimenters often fail ; yet they have made 
noble discoveries in science by their experiments, because 
they had patience and perseverance, as well as skill and 
knowledge. Do not be disheartened, and you will become 
a skillful experimenter. 

In making an experiment, we may work alone, or we 
may perform the work in the company of our friends, so 
that a large number may see what we do, and assist in 
making the experiment. To exhibit an experiment on a 
large scale, so that all the people in a room may see it, we 
need a magic-lantern. A lantern with a good artificial 
light will cost a great deal of money, but by using the 
water-lantern and heliostat, described in the first book of 
this series, and employing the sun for a light, we can ex- 
hibit many of our experiments in sound, in the most beau- 
tiful manner, before a large company, and at a trifling 
expense. 

At the same time, the lantern is not essential, and if 
you do not wish to use it you can perform all of the ex- 
periments without its aid. 

THE HELIOSTAT. 

The word "heliostat" is formed of two Greek words — 
heliosy the sun, and statoSy standing. There is an instru- 
ment so named, because it keeps a reflected beam of 
sunlight constantly pointing in the same direction. In 
" Light," the first book of this series, we have given a de- 
scription of a simple heliostat ; but, as some of our readers 
may not have that volume, we here give a short descrip- 
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tion of the manner of making and using that instrument : 
The sun, in his daily apparent path through the sky, 
moves as though he were fixed to the surface of a vast 
globe, which makes a daily revolution around an axis. 
This axis is found by drawing a line from a point near the 
pole-star to the centre of the earth, and then continuing 






.w 
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this line beyond the earth till it meets the heavens in a 
spot which can be pointed out only by those who live 
south of the earth's equator. This line is the axis around 
which the sphere of the heavens appears to revolve once 
in a day. The knowledge of this motion of the sun ena- 
bles us to construct an instrument with a movable mirror 
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which will reflect his beams in one direction from sunrise 
to sunset. 

Figs. 1 and 2 are drawings of the heliostat. The 
scale at the bottom of Fig. 1 gives in inches the size of 
the parts of the lower drawing, jy is a round wooden 
rod, which we call the polar axis of the heliostat, because 
it points toward the pole-star when the instrument is in 
the proper position for use. This axis turns freely in a 
hole in the board A J5, and in the block IT, A wooden 
washer My which is slid over the axis and is fastened to it, 
rests on the block ITy and thus keeps the axis from slip- 
ping down. The end ^ of the axis has a slot cut in it, 
and a semicircle of wood G, which is screwed to the back 
of a board carrying the mirror N, turns in this slot around 
a carriage-bolt, as shown in the figure. This movable 
mirror is fastened to the board either by strings or by 
elastic bands, which go around the ends of the board and 
mirror. The mirror should be of silvered glass, not of 
common looking-glass. It is, as stated in Pig. 2, 9^ inches 
long and 6 inches wide. 

Since the sun in his daily course through the heavens 
appears to move as though attached to the surface of a 
sphere, which revolves on an axis parallel to the polar axis 
of the heliostat, it follows that, if we tilt the mirror N' 
so that the sunbeam which strikes it is reflected down- 
ward in the direction of the polar axis ^ then, by simply 
turning this axis with the sun as he moves in the sky, we 
can keep his rays constantly reflected in that direction. 
The dotted line and arrow going from the miiTor N^to 
shows the direction of the reflected rays. But this is not 
a convenient direction in which to have the sunbeam, so we 
fix at O another mirror, 6 inches high arid 5^ inches wide, 
which reflects the beam from O to jB, through a hole of 5 
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inches diameter cut in the board A B, Brackets, 14 X 12 
inches, with their 12-inch sides screwed to the board A J5, 
support a shelf -Z>, which holds the mirror O, 

Each morning in the year the sun appears on the hori- 
zon at a different point on the celestial sphere, so that on 
different days we have to give the mirror iVa different 
tilt toward the sun. At the equinoxes, that is, on the 20th 
day of March and September, the rays fall at right an- 
gles to. the axis H, as shown in Figs. 1 and 2, and the 
mirror in Fig. 1 is placed at the proper tilt for those days. 
In Fig. 2 the tilt of the mirror is also given for the days 
of the summer and. winter solstices. 

As we go north, say to Boston, the north star rises to 
a greater height above the horizon, so the axis of our 
heliostat at Boston must stand more upright than at New 
York, and have the position marked " 42° 22', Boston." 
Going south, say to New Orleans, we shall see the pole-star 
shining above the horizon, at a height which is one-fourth 
less than the height it appears at in New York ; therefore, 
at New Orleans, the polar axis of the heliostat is lowered 
into the position marked "29° 58", New Orleans." So 
we see that in different latitudes the axis of our heliostat 
has to be placed at different angles with the horizontal, 
line. In order that the instrument may work correctly, 
the angle which it should make with the horizon is the 
same as the latitude of the place. These are the angles 
written before the places named in Fig. 2. These changes 
in the slant of the polar axis for different latitudes need 
like changes in the shape of the block K; but if one first 
draws the correct line in which the axis goes through the 
board A B, the block .^can be formed without trouble. 

Experiment 1. — To place the heliostat in position for 
use, we raise the sash of a southern window, and secure 
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the board A B between its jambs, with the mirrors out- 
side and the polar axis inside the room. With a shawl or 
blanket closely cover that part of the window above the 
board A B, so as to keep out all light except what comes 
into the room through the hole B, The movable mirror 
is now turned toward the sun, and tilted so that the beam 
from it is reflected by the fixed mirror O into a horizontal 
direction, and at right angles to the board A B. If the 
window faces the south the heliostat will work with entire 
success. K the window does not truly face the south, then 
the board A B should be tilted sideways till it does face 
that direction, and any opening thus made between the 
board A B and the window-sash may be closed with a 
strip of wood. 

THE WATER-LANTERN. 

Fig. 3 represents a wooden box containing a mirror 
placed inside at an angle of 45°, and supported by wood 
slats fastened to the sides of the box. The side of the box 
opposite the mirror" is open. In the top of the box is a 
round hole 5 inches (12.7 centimetres) in diameter. In 
this hole rests a hemispherical glass dish, 5^ inches (14 
centimetres) in diameter, made by cutting off the round 
top of a glass shade. At the back of the box is a wooden 
slide carrying a horizontal shelf on its top. This slide has 
a long slot cut in it, and, by means of a bolt and nut fas- 
tened to the back of the box, it can be made fast at any 
required height. This slide is 16 inches (40.6 centimetres) 
long, 5 inches (12.7 centimetres) wide, and f inch (19 mil- 
limetres) thick. The shelf is 7 inches (17.8 centimetres) 
long and 5 inches (12.7 centimetres) wide, and has a hole 
3J inches (8.3 centimetres) in diameter cut in its centre. 
A block of wood is fastened to the back of the box; in the 



slot, to serve as a guide in raising and lowering the slide 
■which carri^ the lens. On the hole in the shelf rests a large 
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watch-glass, or shallow dish, about 4 inches (10.1 centi- 
metres) in diameter. A plano-convex lens may be used 
in its place. On each side of the shelf are two upright 
wooden arms, and on screws, which go through them, is 
swung a looking-glass, 7 inches (17.8 centimetres) long 
and 4 inches (10.1 centimetres) wide. 

Experiment 2. — Place this lantern before the helio- 
stat, so that the full beam of light will be reflected from 
the mirror upward through the glass bowl and the watch- 
glass.^ Fill each of these with clear water, and then pla^se 
the swinging mirror at an angle of 45^. Hang up a large 
screen of white cotton cloth, or sheet, in front of the lan- 
tern, and from 15 to 40 feet (4.5 to 12.2 metres) distant. 
On this screen will appear a circle of light projected from 
the lantern. Get a piece of smoked glass, and trace upon 
it some letters, and then lay it on the water-lens. The 
image of the letters will appear on the screen, in white on 
a black ground. If they are not distinct, loosen the nut 
at the back of the box, and move the wooden slide up or 
down till the right focus is obtained. 

This water-lantern may now be used for all the work 
performed with ordinary magic-lanterns. Place a sheet 
of clear glass over the large lens, to keep the dust out of 
the water, and then you can lay common lantern-slides on 
this as in a magic-lantern. 

^ Dr. R. M. Ferguson first used a condensing lens made of a glass 
shade filled with water. See Quarterly Journal of Science, April, 1872. 
Subsequently, Professor Henry Morton made a watch-glass filled with 
water, or other liquid, serve for the projecting lens of the lantern. 

2 
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CHAPTER n. 

ON THE ORDER OF THE EXPERIMENTS IN THIS 

BOOK. 

In Chapter I. are explained the construction and use of 
the heliostat and water-lantern. In Chapter IV. we begin 
by experimenting on the three ways in which a body may 
vibrate. We show that it may swing to and fro like a 
pendulum ; that it may vibrate by shortening and length- 
ening ; and that it may vibrate by twisting and untwist- 
ing itself. Then we study the nature of vibratory motions, 
and find that they are like the motion of a swinging pen- 
dulum ; and the motion of the pendulum we discover is 
exactly like the apparent motion of a ball looked at in the 
direction of the plane of a circle, in which it revolves with 
a uniform velocity. 

We then, in Chapter V., experiment on those vibra- 
tions whose frecjuency is so great that they cause sound ; 
and show, in this and the next chapter, that whenever we 
perceive a sound some solid, liquid, or gaseous body is in 
a state of rapid vibration, and that these vibrations go 
from the vibrating body to the ear through a solid, liquid, 
or gas — air being generally the medium which transmits 
the vibrations. These vibrations, acting on the ear, make 
the auditory-nerve fibrils tremble, and thus is caused the 
sensation of sound. 
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In Chapter VIII. are experiments which show how 
these vibrations are transmitted through solids, liquids, 
and gases, to a distance from the source of the sound. 
The knowledge of how the sonorous vibrations travel 
through the air leads to experiments in which we make 
two sonorous vibrations meet, and, by their mutual action, 
or interference, cause rest in the air and silence to the 
ear. This silence may be continuous, or it may be of short 
duration alternating with sound, and in tins case we have 
"beats." 

Chapter IX. gives Professor Rood's very striking ex- 
periment showing the reflection of sound. In Experi- 
ment No. 73, of Chapter VIII., I show how we may read- 
ily obtain reflection of sound from a gas-flame. 

In Chapter X. we give experiments with a siren made 
of card-board, and with it show that the pitch of sounds 
rises with the frequency of the vibrations causing them. 
With the same siren, in connection with a resonant tube 
tuned to a tuning-fork, we determine the number of vibra- 
tions the fork makes in a second. With the same tube and 
fork we then measure the velocity of sound in air. With 
the same siren, in Chapter XI., the experimenter finds 
that the notes of the gamut are given by a series of vibra- 
tions whose numbers per second bear to one another cer- 
tam fixed numerical relations. 

In Chapter XII. we experiment with a cheap so- 
nometer, and find the law which connects the length 
of a string with the frequency of its vibrations ; then, 
with this law in our possession, we make the sonometer 
give all the notes of the gamut and the sounds of the har- 
monic series. 

In Chapters Xm., XIV., and XV., are described ex- 
periments showing the cause of the varying intensities of 
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sounds, experiments on the sympathetic vibrations of 
bodies, and on the change made in the pitch of a sounding 
body by moving it. 

The cause of the different quality of sounds is explained 
in Chapter XVI., and then follow, in Chapter XVII., ex- 
periments on the analysis of compound sounds, and on the 
formation of compound sounds by sounding together the 
simple sounds which compose them. In this chapter is 
also found an experiment in which is reproduced the mo- 
tion of a molecule of air when it is acted on, at the same 
time, by the vibrations giving the first six harmonics of a 
compound sound ; also, directions for making a very sim- 
ple form of KOnig's vibrating flame, and a cheap revolving 
mirror in which to view the flame. 

Chapter XVIII. contains experiments on the voice in 
talking and singing. After explaining how we speak, I 
give experiments on the resonance of the oral cavity, and 
then show how a toy trumpet can be made to speak, and 
a talking machine made out of the trumpet and a;n orange. 
This chapter concludes with accounts of the talking ma- 
chine of Paber, of Vienna, and of the recently invented 
talking and singing machine of Mr. Edison, which is in- 
deed the acoustic marvel of the century. 

Chapter XIX. concludes the book, and gives a short 
explanation of the causes of harmony and discord. 
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CHAPTER III. 

ON THE NATURE OF SOUND, 

Sound is the sensation peculiar to the ear. This sen- 
sation is caused by rapidly succeeding to-and-fro motions 
of the air which touches the outside surface of the 
drum-skin of the eai\ These to^and-fro motions may 
be given to the air by a distant body, like a string of a 
violin. The string moves to and fro, that is, it vibrates. 
These vibrations of the string act on the bridge of the 
violin, which rests on the belly or sounding-board of the 
instrument. The surface of the sounding-board is thus 
set trembling, and these tremors, or vibrations, spread 
through the air in all directions around the instrument, 
somewhat in the manner that water-waves spread around 
the place where a stone has been dropped into a quiet pond. 
These tremors of the air, however, are not sound, but the 
cause of sound. Sound, as we have said, is a sensation ; 
but, as the cause of this sensation \^ always vibration, we 
call those vibrations which give this sensation sonorous 
vibrations, Thusj if we examine attentively the vibrat- 
ing string of the violin, we shall see that it looks like a 
shadowy spindle, showing that the string swings quickly 
to and fro ; but, on closing the ears, the sensation of sound 
disappears, and there remains to us only the sight of the 
quick to-and-fro motion which, the moment before, caused 
the sound. 



Behind the drum-Bkin of the ear is a jointed chain of 
three little bones. The one, M of Fig, 4, attached to the 
dnim-skin, is called the hammer ; the next, A, is called 
the anvil/ the third, S, has the exact form of a stirrap, 
and is called the stirrup-bone. This last bone of the chain 
is attached to an oval membrane, which is a little larger 
than the foot of the stirmp. This oval membrane closes 



a hole opening into the cavity forming the iwMer ear, ■ a 
cavity tunneled out of the hardest bone of the head, and 
having a very complex form. The oval hole just spoken 
of opens into a globular portion of the cavity, known as 
the vestibule, and from this lead three semicircular ca- 
nals, SC, and also a cavity, C, of such a marked resem- 
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blance to a snail's shell that it is called cochlea^ the Latin 
word for that object. The cavity of the inner ear is filled 
with a liquid, in which spread out the delicate fibres of 
the auditory nerve. 

Let us consider how this wonderful little instrument 
acts when sonorous vibrations reach it. Imagine the 
violinnstring vibrating 500 times in one second. The 
sounding-board also makes 500 vibrations in a second. 
The air touching the violin is set trembling with 500 
tremors a second, and these tremors speed with a velocity 
of 1,100 feet in a second in all directions through the sur- 
rounding air. They soon reach the drum-skin of the ear. 
The latter, being elastic, moves in and out with the air 
which touches it. Then this membrane, in its turn, 
pushes and pulls the little ear-bones 500 times in a second. 
The last bone, the little stirrup, finally receives the vibra- 
tions sent from the violin-string, and sends them into the 
fluid of the inner ear, where they shake the fibres of the 
auditory nerve 500 times in a second. These tremors of 
the nerve — ^how we know not — so affect the brain that we 
have the sensation which we call sound. The description 
we have just given is not that of a picture created by the 
imagination, but is an account of what really exists, and 
of what can actually be seen by the aid of the proper 
instruments. 

A body may vibrate more or less frequently in a sec- 
ond ; it may swing over a greater or less space ; and it 
may have several minute tremors while it makes its main 
swing. These differences in vibrations make sounds higher 
or lower in pitch, loud or soft, simple or compound. It is 
easy to say all this, but really, to understand it, one must 
make experiments and discover these facts for himself. 
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CHAPTER IV. 
ON THE NATURE OF VIBRATORY MOTIONS. 

The character of a sound depends on the nature of the 
vibrations which cause it, therefore our first experiments 
will be with vibrations which are so slow that we can 
study the nature of these peculiar motions. These experi- 
ments will be followed by others on vibrations of the same 
kind, only differing in this — that they are so rapid and 
freqiient that they cause sounds. A correct knowledge of 
the nature of these motions lies at the foundation of a 
clear understanding of the nature of sound. We hope 
that the student will make these experiments with care, 
and keenly observe them. 

ExPEBiMENT 3. — ^At the toy-shops you can buy for a 
few cents a wooden ball having. a piece of elastic rubber 
fastened to it. Take out the elastic and lay it aside, as 
we shall need it in another experiment. Get a piece of fine 
brass wire, about 2 feet (61 centimetres) long, and fasten 
it to the ball. The weight of the ball should pull the wire 
straight, and, if it does not, a finer wire must be used. 
Hold the end of the wire in the left hand, and with the 
right hand draw the ball to one side. Let it go, and it 
will swing backward and forward like the pendulum of a 
clock. This kind of movement we call a pendulates or 
transverse vibration^ 
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ExPEBiMENT 4. — Cut out a narrow triangle of paper, 
4 inches (10 centimetres) long, and paste it to the bottom 
of the ball. Twist the wire which supports the ball by 
turning the latter half round, and watch the paper pointer 
as it swings first one way and then the other. Here we 
have another kind of vibration, a motion caused by the 
twisting and untwisting of the wire. Such a motion is 
called a torsional vibration. 

Experiment 5. — ^Take off the wire and the paper and 
put the elastic on the ball. Hold the end of the elastic in one 
hand, and with the other pull the ball gently downward, 
then let it go. It vibrates up and down in the direction 
of the length of the elastic. Hence we call this kind of 
motion a longitudinal vibration. 

These experiments show us the three kinds of vibra- 
tions, transverse, torsional, and longitudinal. They differ 
in direction, but all have the same manner of moving; for 
the different kinds of vibration, transverse, longitudinal, 
and torsional, go through motions with the same changes in 
velocity as take place in the swings of an ordinary pendu- 
lum. These vibrations all start from a position of momen- 
tary rest. The motion begins slowly, and gets faster and 
faster till the body gains the position it naturally has when 
it is at rest — at this point it has its greatest velocity. 
Passing this point, it goes slower and slower till it again 
comes momentarily to rest, and then begins its backward 
motion, and repeats again the same changes in velocity. 

It is now necessary that the student should gain clear 
ideas of the nature of this .pendulous motion. It is the 
cause of sound. It exists throughout all the air in which 
a sound may be perceived, and, by the changes in the num- 
ber, extent of swing, and. combinations of these pendular 
motions, all the changes of pitch, of intensity, and of quality 
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of sotmd are produced. Therefore, the knowledge which 
we now desire to give the reader lies at the very founda- 
tion of a correct understanding of the subject of this 
book. 

An experiment is the key to this knowledge. It is the 
experiment with 

THE CONICAL PENDULUM. 

An ordinary pendulum changes its speed during its 
swings right and left exactly as a ball appears to change 
its speed when this ball revolves with a uniform speed in 
a cirple, and we look at it along a line of sight which 
is in the plane of the circle. 

ExPEBiMENT 6. — ^Let one take the ball and wire to the 
farther end of the room, and by a slight circular motion 
of the end of the wire he must cause the ball to revolve in 
a circle. Soon the ball gets into a uniform speed around 
the circle, and then it forms what is called a conical pendu- 
lum; a kind of pendulum sometimes used in clocks. Now 
stoop down till your eye is on a level with the ball. 
This you will know by the ball appearing to move from 
side to side in a straight line. Study this motion care- 
fully. It reproduces exactly the motion of an ordinary 
pendulum of the same length as that of the conical pendu- 
lum. From this it follows that the greatest speed reached 
during the swing of an ordinary pendulum just equals the 
uniform speed of the conical pendulum. That the appar- 
ent motion you are observing is really that of an ordinary 
pendulum, you will soon prove for yourself to your entire 
satisfaction ; and here let me say that one principle or 
fundamental fact seen in an experiment and patiently re- 
flected on is worth a chapter of verbal descriptions of the 
same experiment. 
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Suppose that the ball goes round the circle of Fig. 5 
in two seconds; then, as the circumference is divided into 16 
equal parts^ the ball moves from 1 to 2, or from 2 to 3, or 
from 3 to 4, and so on, in one-eighth of a second. But to 
the observer, who looks at this motion in the direction of the 
plane of the paper, the ball appears to go from 1 to 2, from 
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2 to 3, from 3 to 4, etc., on a line A J?, while it really 
goes from 1 to 2, from 2 to 3, from 3 to 4, etc., in the cir- 
cle. The ball when at 1 is passing directly across the line 
of sight, and, therefore, appears with its greatest velocity; 
but when it is in the circle at 5 it is going away from the 
observer, and when at 13 it is coming toward him, and, 
therefore, although the ball is really moving with its regu- 
lar speed when at 5 and 13, yet it appears when at these 
points momentarily at rest. From a comparison of the 
similarly numbered positions of the ball in the circle and 
on the line ^ jS, it is evident that the ball appears to go 
from AtoB and from B back to ^ in tKe time it takes to 
go from 13, round the whole circle, to 13 again. That is, 
the ball appears to vibrate from -4 to i? in the time of one 
second^ in which time it really has gone just half round 
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the circle. A comparison of the onequal lengths, 13 to 13, 
13 to 11, 11 to 10, etc., on the line A B, over which the 
ball goes in equal times, gives the student a clear idea 
of the varying velocity of a swinging pendnlom. 

THE SAND-FENDULUM. 



Fig^^repj^sents an npright frame of wood stwding 
on a platRtni, and sopporting a weight that hangs by a 
cord. ^ ^ is a flat board about 2 feet (61 centimetrea) 
long and 14 inches (35.5 centimetres) wide. J! ^ are 
two uprights so high that the distance from the nnder 
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side of the cross-beam G to the platform A A'vb, exactly 
41^ inches (1 metre and 45 millimetres). The cross-beam 
(7 is 18 inches (45.7 centimetres) long. At 7> is a wooden 
post standing upright on the platform. Gret a lead disk, 
or bob, 3^ inches (8 centimetres) in diameter and f inch 
(16 millimetres) thick. In the centre of this is a hole 1 
inch (25 millimetres) in diameter. This disk may easily 
be cast in sand from a wooden pattern. At the tinner's 
we may have made a little tin cone 1^ inch (30 milli- 
metres) wide at top and 2J inches (57 millimetres) deep, 
and drawn to a fine pomt. Carefully file off the point 
till a hole is made in the tip of the cone of about -^ inch 
in diameter. Place the tin cone in the hole in the lead 
disk, and keep it in place by stuffing wax around it. A 
glass funnel, as shown in the figure, may be used instead 
of the tin cone. With an awl drill three small holes 
through the upper edge of the bob at equal distances from 
each other. To mount the pendulum, we need about 9 feet 
(271.5 centimetres) of fine strong cord, like trout-line. 
Take three more pieces of this cord, ^ach 10 inches (25.4 
centimetres) long, and draw one through each of the holes 
in the lead bob and knot it there, and then draw them to- 
gether and knot them evenly together above the bob, as 
shown in the figure. On the cross-bar, at the top of the 
frame, is a wooden peg shaped like the keys used in a 
violin. This is inserted in a hole in the bar — at Fm. the 
figure. Having done this, fasten one end of the piece of 
trout-line to the three cords of the bob, and pass the other 
end upward through the hole marked E; then pass it 
through the hole in the key F ;, turn the key round several 
times; then pass the cord through the hole at 6^, to the bob, 
and fasten it there to the cords. Then get a small bit of 
copper wire and bend it once round the two cords just 
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above the knot, as at r in the figure. This wire ring, and 
the upright post at the side of the platform, we do not need 
at present, but they will be used in future experiments 
with this pendulum. 

Tack on the platform A A Sk strip of wood Z This 
serves as a guide, along which we can slide the small board 
m, on which is tacked a piece of paper. 

Experiment 7. — ^Fill the funnel with sand, and, while 
the pendubim is stationary, steadily slide the board under 
it. The running sand will be laid along X M, Fig. 7, ia 
a straight line. If the board was slid under the sand dur- 
ing exactly two seconds of time, then the length oi this 
line may stand for two seconds, and one-half of it may 
stand for one second, and so on. Thus, we see how time 
may be recorded in the length of a line. 

Brush off the heaps of sand at the ends of the line, and 
bring the left-hand end of the sand-line directly under the 
point of the funnel, when the latter is at rest. Draw the 
lead bob to one side, to a point which is at right angles 




Fig. 7. 



to the length of the line, and let it go. It swings to and 
fro, and leaves a track of sand, a d, which is at right an- 
gles to the line i M^ Mg. 7. 
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Suppose that the pendulum goes from a to ft, or from 
b to a, in one second, and that, while the point of the fun- 
nel is just over X, we slide the board so that, in two sec- 
onds, the end M of the line L M comes under the point 
of the funnel. In this case, the sand will be strewed by 
the pendulum to and fro, while the paper moves under it 
through the distance L M. The result is, that the sand 
appears oh the paper in a beautiful curve, L G N D M, 
Half of this curve is on one side oi L M^ the other half 
on the opposite side of this line. 

The experimenter may find it difficult to begin moving 
the paper at the very instant that the mouth of the funnel 
is over L ; but, after several trials, he will succeed in do- 
ing this. Also, he need not keep the two sand-lines, L M 
and a 6, on paper during these trials ; he may as well 
use their traces, made by drawing a sharply-pointed pencil 
through them on to the paper. 

By having a longer board, or by sliding the board 
slowly under the pendulum, a trace with many waves in 
it may be formed, as in Fig. 8. 

Pio. 8. 

As the sand-pendulum swung just like an ordinary 
pendulum when it made the wavy lines of Figs. 7 and 8, it 
follows that these lines must be peculiar to the motion of 
a pendulum, and may serve to distinguish it. If so, this 
curve must have some sort of connection with the motion 
of the conical pendulum, described in Experiment 6. 
This is so, and this connection will be found out by an 
attentive study of Fig. 9, 
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In this figure we again see a 
wavy curve, under the same circu- 
lar figure which we used in explain- 
ing how- the motion of an ordinary- 
pendulum may be obtained from 
the motion of a conical pendulum. 
This wavy curve is made directly 
from measures on the circular fig- 
ure, and certainly bears a striking 
resemblance to the wavy trace made 
by the sand-pendulum in Experi- 
ment 7. You will soon see that to 
prove that these two curves are 
precisely the same, is to prove that 
the apparent motion of the conical 
pendulum is exactly like the mo- 
tion of the ordinary pendulum. 

The wavy line of Fig. 9 is thus 
formed : The dots on A By as al- 
ready explained, show the appar- 
ent places of the ball on this line, 
when the ball really is at the points 
correspondingly numbered on the 
circumference of the circle. With- 
out proof, we stated that this ap- 
parent motion on the line A B was 
exactly like the motion of a penr 
dulum. This we must now prove. 
The line X Jf is equal to the cir- 
cumference of the circle stretched 
out. It is made thus : We take 
in a pair of dividers the distance 
1 to 2, or 2 to 3, etc., from the circle, and step this 
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distance oflE 16 times on the line X M; hence X M 
equals the length of the circumference of the circle. In 
time this length stands for two seconds, for the ball in 
Experiment 6 took two seconds to go round the circle. 
This same length, you will also observe, was made in the 
same time as the sand-line XJIf was made in Experiment 7. 
In Fig. 9 the length LMyOi two seconds, is divided into 16 
parts ; hence each of them equals one-eighth of a second, 
just as the same lengths in the circle equal eighths of a 
second. Thus the line JL M oi Fig. 9, as far as a record 
of time is concerned, is exactly like the sand-line L Moi 
Experiment 7, and the line ^ ^ of Fig. 9, in which the 
ball appeared to move, is like the line a b of Fig. 7, along 
which the sand-pendulum swung. 

Now take the lengths from 1 to 2, 1 to 3, 1 to 4, 1 to 6, 
and so on, from the line A B oi Fig. 9, and place these 
lengths at right angles to the line X -3f at the points 1, 2, 
3, 4, 5, and so on ; by doing so, we actually take the dis- 
tances at which the ball appeared from 1 (its place of 
greatest velocity), and transfer them to X M; therefore, 
these distances correspond to the distances from X M^ 
Fig. 7, to which the sand-pendulum had swung at the end 
of the times marked on X -3f of Fig. 9. 

Join the ends of all these lines, 2 2', 3 3', 4 4', etc., by 
drawing a curve through them, and we have the wavy 
line of Fig. 9. 

This curve evidently corresponds to the curve JL C N 
JD M oi Fig. 7 made by the sand-pendulum ; and it must 
be evident that, if this curve of Fig. 9 is exactly like the 
curve traced by the sand-pendulum in Experiment 7, it 
follows that the apparent motion of the conical pendulum, 
as seen in the plane in which it revolves, is exactly like 
the real motion of an ordinary pejidulum. 
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ExpsBiMBNT 8. — ^To tefit this, we make on a piece ^ 
paper one of the wavy curves exactly as we made the one 
in Fig. 9, and we tack this paper on the board L M <A 
the sand-pendulum, being careful that when the board is 
slid under the stationary pendulum the point of the fun- 
nel goes precisely over the centre line L M (Fig. 9) of 
the curve. 

Now draw the point of the funnel aside to a distance 
from the line L JIf equal to one-half of A By or, what is the 
same, from 5 to 6' of Fig. 9. Pour sand in the funnel, and 
let the bob go. At the moment the point of the funnel is 
over X, slide the board along so that, when the point of 
the funnel comes the third time to the line X J^ it is at 
the end M of this line. This you may not succeed in 
doing at first, but after several trials you will succeed, 
and then you will have an answer from the pendulum as to 
the kind of motion it has, for you will see the sand from 
the swinging pendulum strewed precisely over the curve 
you placed under it. Thus you have conclusively proved 
that the apparent motion of the conical pendulum, along 
the line A By is exactly like the swinging motion of an 
ordinary pendulum. 

As it is difficult to start the board with a uniform mo- 
tion at the very moment the pendulum is over the line 
L My\X, may be as well to tack a piece of paper on the 
board with no curve drawn on it, and then practise till 
you succeed in sliding the board under the pendulum, 
through the distance L My in exactly the time that it 
takes the pendulum to make two swings. Now, if you 
have been careful to have had the swing of your pendu- 
lum just equal to A By or from 5 to 5' on the drawing of 
the curve, you will have made a curve in sand which is 
precisely like the curve you have drawn \ for, if you trace 
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the Band-curve on the paper by carefully drawing through 
it the sharp point of a pencil, and then place this trace 
against a window-pane with the drawing of the curve, 
Fig. 9, directly over it, you will see that one curve lies 
directly over the other throughout all their lengths. 

This curve, which we have made from the circle in 
Fig. 9, and have traced in sand by the pendulum, is called 
tJie curve of sines, or the sinusoid. It is so called because 
it is formed by stretching the circumference of a circle 
out into a line, and then dividing this line,X JIf of Fig. 9, 
into any number of equal parts. From the points of these 
divisions, 1, 2, 3, 4, 6, etc., oi Jj M, we erect perpendicu- 
lars, 2 2', 3 3', 4 4', 5 6', etc., equal to the lines a 2, 
bSy c 4:, d 6y etc., in the circle. These lines in the cir- 
cle are called sines ; so, when we join the ends of these 
lines, erected to the straightened circumference, by a 
curve, we form the curve of sines, or the sinusoid. 

The sinusoid occurs often during the study of natural 
philosophy. We may meet with it again in our book on 
the nature of light, and it certainly will occur in our book 
on heat. 

AN EXPERIMENT WHICH GIVES US THE TRACE OF A 

VIBRATING PINE ROD. 

A in Fig. 10 represents a rod 4 feet (121.9 centi- 
metres) long, 1 inch (25 millimetres) wide, and i inch (6 
millimetres) thick, made of clear, well-seasoned pine. 
This is fastened by means of small screws to the 
wooden box £ standing on a table. This box may 
be of any convenient size ; but, as it is to be used for 
another experiment, it may be made about 14 inches (35.5 
centimetres) square and 30 inches (76.2 centimetres) 
high. A shoe-box will answer for the purpose. This 
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box is placed on the table, and then filled half fnll of 
sand, and it thuB gives us a firm and solid block ag^st 
which to fasten the rod. The lover edge of the rod is 
placed about Ij- inch (36 millimetres) above the table, 



■with about 3 feet (91.4 centimetres) projecting beyond 
the box. At the free end is fastened a small camel's-hair 
pencil, with its tip cnt off square. When these things are 
in place, get a narrow piece of board, C, just thick enough 
to tOQch the tip of the pencil on the rod when the board 
is laid on the table under it. Then tack down a strip of 
wood, Z>, parallel with the rod, to serve as a guide for the 
board. On the board tack a sheet of white paper. Dip 
a pen in thick black ink, and wet the pencil with it. The 
paper-covered board is now laid under the rod, with the 
pencil just touching it. 

EzpxBiHENT 9. — Now draw the end of the rod to 
one side and let it vibrate. The pencil will make a trace 
on the paper which is nearly strtught. Make it vibrate 
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again, and then slide the paper-covered board steadily and 
quickly to the left, and the pencil will make on the paper 
a sinuous trace. 

Examine attentively this wavy line. It looks very 
much like the curve of sines which the sand-pendulum 
traced for us. If it should be exactly like that curve, 
what would it show ? Surely, nothing less than that the 
rod vibrates to and fro with the same kind of motion as has 
a swinging ]pendulum. To test this supposition make the 
following experiment : 

ExPEBiMENT 10. — Obtain a trace of the vibrating pine 
rod in which each flexure in the trace is of the same' 
length. This we will only get when we move the paper 
with a uniform velocity under the vibrating rod. Now, 
obtain a trace in sand, on another paper-covered board, 
drawn under the sand-pendulum. This trace must be 
made by swings of the pendulum which exactly equal the 
breadth of the swings made by the vibrating rod. Draw 
the board under the sand-pendulum with different ve- 
locities, till you succeed in making the waves of the 
sand just as long as those made by the vibrating rod. 
That is to say, the distances from 1 to 2, or from 5 to 6, • 
of Fig. 8, must be the same in both traces. Now, with a 
pencil, carefully draw a line through the centre of the 
curve traced in sand. Remove the papers from their 
boards, and place one over the other on a window-pane. 
After a few adjustments, you will see that one curve lies 
exactly over the other, showing that they are exactly the 
same in form. 

Thus you have yourself found out this very impor- 
tant truth in science : A vibrating rod swings to and 
fro with the same kind of motion as has a swinging 
pendulum. 
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hare two penduluma combined. Let us try tliis and see 
what will be the result. 

JuBt here we shall find it more convenient to nee the 
metric measure, as it ie much more simple and easy to re- 



member than the common measure of feet and inches. If 
you have no metric measure you had best buy one, or 
make one. Get a wooden rod just 39^^ inches long, and 
divide this length into 100 parts. To assist you in this, 
you may remember that 1 inch is equal to 25^ milli- 
metres. Ten millimetres make a centimetre, and 100 centi- 
metres make a metre. 
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Now slide the ring r, Fig. 12, up the cords till it is 25 
centimetres from the middle of the thickness of the bob. 
Then make it exactly 100 centimetres from the under side 
of the cross-bar to the middle of the thickness of the bob, 
by turning the violin-key on the top of the apparatus. 

At i>. Fig. 12, is a small post. This post is set up 
anywhere on a line drawn from the centre of the plat- 
form, and making an angle of 45° with a line drawn from 
one upright to the other. Fasten a bit of thread to 
the string on the bob that is nearest to the post, and draw 
the bob toward the post and fasten it there. When the 
bob is perfectly still, fill the funnel with sand, and then 
hold a lighted match tinder the thread. The thread will 
bum, and the bob will start off on its journey. Now, in 
place of swinging in a straight line, it follows a curve, and 
the sand traces this figure over and over. 




Fio. 18. 

Here we have a most singular result, and we may 
well pause and study it out. You can readily see that we 
have here two pendulums. One-quarter of the pendu- 
lum swings from the copper ring, and, at the same time, 
the whole pendulum swings from the cross-bar. The bob 
cannot move in two directions at the same time, so it 
makes a compromise and follows a new path that is made 

up of the two directions. 
3 
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The most important fact that has been discovered in 
relation to the movements of vibrating pendulums is that 
the times of their vibrations vary as the square roots of 
their lengths. The short pendulum above the ring is 25 
centimetres long, or one-quarter of the length of the longer 
pendulum, and, according to this rule, it moves twice as 
fast. The two pendulums swing, one 25 centimetres and 
the other 100 centimetres long, yet one really moves twice 
as fast as the other. While the long pendulum is making 
one vibration the short one makes two. The times of 
their vibrations, therefore, stand as 1 is to 2, or, expressed 
in another way, 1 : 2. 

ExPEBiMEXT 14. — Let us try other proportions and see 
what the double pendulum will trace. Suppose we wish 
one pendulum to make 2 vibrations while the other makes 
3. Still keeping the middle of the bob at 100 centimetres 
from the cross-bar, let us see where the ring must be 
placed. The square of 2 is 4, and the square of 3 is 9. 
Hence the two pendulums of the double pendulum must 




Pig. 14. 



have lengths as 4 is to 9. But the longer pendulum is always 
1,000 millimetres. Hence the shorter pendulum will be 
found by the proportion 9:4:: 1,000 : 444.4 millimetres. 
Therefore we must slide the ring up the cord till it is 
444.4 millimetres above the middle of the thickness of 
the bob. 
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J ; 2 = 1,000 : 2B0.0. 



2:3 = 1,000 : ■ 



3:4 = 1,000 :S62.6.. 



6:6 = l,000;(i94.4.. 



e-.l = 1,000 : m.e Sub-Minor TUrd. 



7:8 = 1,000 : 76B.fi 



8:9 = 1,000: 780.1.. 
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Fasten the bob to the post as before, fill it with sand, 
and bum the thread, and the swinging bob will make this 
singular figure (Fig. 14). 

ExPEEiMENT 16. — From these directions you can go 
on and try all the simple ratios, such as 3 : 4, 4:6, 6:6, 
6 : 7, 7 : 8, and 8:9. In each case raise the two fig- 
ures to their squares, then multiply the smaller num- 
ber by 1,000, and divide the product by the larger num- 
ber ; the quotient will give you the length of the smaller 
pendulum in millimetres. Thus the length for rates of 
vibration, as 3 is to 4, is found as follows : 3 X 3 = 

9, 4 X 4 = 16, and g^^gOO =662.5 millimetres. 

The table (Fig. 15) gives, in the first and second col- 
umns, the rates of vibration, and in the third and fourth 
columns the corresponding lengths of the longer and 
shorter pendulums. Opposite these lengths are the fig- 
ures which these double pendulums trace. In the sixth 
column are the names of the musical intervals {see page 
49) formed by two notes, which are made by numbers of 
sonorous vibrations, bearing to each other the ratios given 
in the first and second columns. 



FIXING THE CURVES ON GLASS. 

Experiment 16. — These interesting figures, traced in 
sand by the double pendulum, may be fixed on glass in a 
permanent form ; and, when framed, will make beautiful 
ornaments for the window or mantel, and will remind you 
that you are becoming an experimenter. Procure squares 
of clear glass about six inches on the sides, and buy at 
the painter's a small quantity of French varnish, or clear 
spirit- varnish. Hold one of these pieces of glass level in 
the left hand by one comer, and, with the right, pour 
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some of the varnish upon the glass. Let the varnish 
cover half the glass, and then gently tip the glass from 
side to side till the varnish runs into every comer ; then 
tip it up, and rest one comer in the mouth of the varnish- 
bottle, and rock the glass slowly from side to side. This 
will give a fine, smooth coat of varnish to the glass, and 
we may put it away to dry. When the varnish is hard, 
lay the glass, varnished side up, on the stand, adjust the 
pendulum to make one of the figures, and then fasten it 
to the post. Bum the thread, and stop the motion of the 
bob as soon as the figure is finished. Brush away any 
extra sand that may lie at the ends of the figure, and 
then take the glass carefully to a hot stove. Have some 
wooden blocks laid on the stove, and rest the glass on 
these. Presently the varnish will begin to melt, and then 
the glass may be lifted and carefully put away to cool, 
taking the utmost care not to disturb the sand. When 
the varnish is hard, the sand which has not stuck is re- 
moved by gently rapping the edge of the plate on the 
table. Then we shall have a permanent figure of the 
curve. To preserve it, lay small pieces of cardboard at 
each comer and narrow strips half-way along the edges, 
and then lay another piece of glass over these, and bind 
the two together with paper on the edges. The plate 
may now be placed on the lantern, and greatly magnified 
images of the curves may be obtained on the screen. 



EXPERIMENTS IN WHICH WE COMBINE THE MOTIONS OF 

TWO VIBRATING RODS. 

We have just seen how the double pendulum combines 
into one movement the motions of two pendulums swing- 
ing at right angles to each other. Our experiments have 
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also taught ne that the numerical relation between the 
nnmberH of swings of the two pendulmns is shown by 
the curved figure produced ; so that, knowing the figure, 
we can tell the relative number of vibrations of each 
pendnlum, and, from knowing the latter, we can pre- 



dict the curved figure that the double pendulum will 
draw. But our experiments have taught us that a vibrat- 
ing rod moves to and fro with the same kind of motion as 
a swinging pendulum. From this it follows that, if by 
any means we can combine into one motion the separate 
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motions of two vibrating rods, we shall make these rods 
describe the curved figures traced by the double pendulum. 

The motions of two vibrating rods may be combined 
into one motion by means of a beam of light, which, fall- 
ing on a mirror fastened to.the end of one rod, is reflected 
to a mirror fastened to the end of the other rod, while 
from this second mirror the beam is reflected to a screen. 

It is absolutely necessary for the success of these ex- 
periments that the vibrating rods should be fastened to 
bodies which are heavy and firm, and do not vibrate when 
the rods are set in motion. Boxes A and -S of Fig. 16, 
about 14 inches square, half filled with sand, gravel, or 
dry earth, make such supports. The rods C and J9 are of 
clear, white pine, 4 feet (121.9 centimetres) long, 1 inch 
(25 millimetres) wide, and i inch (6.25 millimetres) thick. 
On the end of each rod is fastened with wax a silvered 
glass mirror, 1 inch square. The upright rod C is fast- 
ened to the side of the box A by two screws, which go 
through the rod and into the box near the edge of its top. 
Another screw fastens the rod to the box at a distance of 
several inches below the upper screws. The free end of 
this rod, above the box, is exactly 30 inches (76.2 centi- 
metres). The length of the horizontal rod 2> can be 
changed at will, for it is clamped to the side of the box 
-B by screws, which go through the ends of the two 
pieces of wood J^ and G. Two nails are driven into the 
box under this rod, and serve to guide it in a horizontal 
direction while we slide it out or in. A piece of paper, 1 
inch square, with a hole in its centre of i inch in diame- 
ter, is pasted on the mirror of the rod O, 

Experiment 17. — To begin the experiment, we place 
the heliostat in the window. The box A has been made 
of such a height that, when placed before the window. 
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the centre of the mirror is opposite the centre of the open- 
ing E in the heliostat. We now loosen the screws in 
the clamps F and G, and slide the rod D under the 
clamps till it projects beyond the box exactly 20^^ inches 
(51.91 centimetres). The boxes A and B are now placed 
in such positions that the light, falling on the J-inch circle 
on the mirror of the rod C, is reflected to the square- 
inch mirror on the rod 2>, and thence is reflected to a 
white screen S at the other end of the room, on which it 
appears as a little bright circle. 

In Fig. 16 the bright lines show the light coming from 
the heliostat E to the mirror on the rod (7, then going 
to the mirror on the rod D, to be reflected by it to the 
screen S, 

Now pull toward you the rod C, and let it go. At 
once the bright circle on the screen is drawn out into a 
vertical line. As the width of the swings of the rod be- 
come less and less, the line becomes shorter and shorter, 
and finally contracts to the little bright circle when the 
rod has ceased to vibrate. Now pull aside the rod J}, 
and let it go. The little circle on the screen is now 
drawn out into a horizontal line. 

These two motions of the spot of light are at right 
angles to each other, and are exactly like the motions 
of the two pendulums of the double pendulum. Hence, 
if both rods should vibrate at the same time, we should 
see the circle of light thrown into one of the familiar 
curved traces of the double pendulum. Let us try the 
experiment. Pull both rods aside, and let them go at 
the same instant. At once the little circle vanishes from 
the screen, and there appears in its place this figure 
(Fig. 17). We at once recognize it as the same figure 
which the double pendulum drew in eand when one of its 
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pendulums made two swings while its other pendulum 
made one. Therefore, one of these rods swings twice 
while the other swings once. 

It may be that the figure on the screen is not station- 
ary, but appears to twist and untwist itself with a sort of 




Fig, it. 



revolving motion. If it does so, it will go through curi- 
ous changes. The horns of the above figure will split 
open at their ends, as shown at B in Fig. 18, and, while 
they open more and more, they bend more and more into 
a line with each other, until the figure is like an 8, as at 




(7. Then the 8 bends in its middle to the right, as in 2>, 
while its openings close up more and more, until the fig- 
ure A again appears at J^, but with the horns pointing 
to the right instead of to the left. Thus the figure 
changes, becoming smaller and smaller, till it vanishes 
into the circle of light from which it sprang. 
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By drawing the rod J!> in or out, or by loading it, or the 
rod Cy with a lump of wax, the figure (17) may be made 
stationary as long as the rods vibrate ; and, when this has 
been done, we know that one of the rods makes one vibra- 
tion while the other makes exactly two ; for the twisting 
and untwisting of the figure are caused by one of the 
rods making slightly more or less than one vibration while 
the other makes two. 

Indeed, so delicate is this method of tuning one vi- 
brating body with another, that it is used as the most 
precise one known to bring two tuning-forks to any 
required ratio in their vibrations. Hence these figures 
are sometimes called "the acoustic curves." In testing 
the forks, they are placed, like the rods, with their 
prongs at right angles, and the light is reflected from 
their polished prongs, as is shownin Fig. 16. Then, 
with a file, some of the metal of one of the forks is re- 
moved, either from the ends or base of its prongs, till 
the figure on the screen remains stationary. 




Fig, 19. 

ExPEBiMENT 18. — ^The rod D is now undamped, and 
slid out till 2^5!^ inches (61.38 centimetres) of its end 
project beyond the ,edges of the clamps and box. The 
clamps are again screwed tightly against the rod. Now, 
on vibrating the rods together, we have on the screen 
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the figure corresponding to the ratio 2 : 3, given in 
Fig. 19. 

ExPEBiMBNT 19. — ^Making the experiment with the free 
length of the rod 2>, of 25f inches (65.09 centimetres), the 
figure on the screen is like that opposite the ratio 3 : 4 
of Fig. 15. 

ExPEBiME^ 20. — Giving the rod D 26J inches (66.7 
centimetres) of free vibrating end, it makes with the rod G 
the figure opposite the ratio 4 : 6 in Fig. 15, showing that one 
rod makes 4 vibrations in the time that the other makes 5. 

You may not succeed the first time in getting these 
figures from the directions I have given. This is because 
the pine rods which you use may have different elastici- 
ties and weights from those which gave us the lengths we 
have put in this book. But, by drawing out or pushing in 
the rod 2>, you will, after the expenditure of a little pa- 
tience, find the lengths of the rod D which give the de- 
sired figures. When found, these lengths should be pre- 
served by drawing a lead-pencil across the rod along the 
outer edge of the clamp F, These marks will serve you 
when you wish to repeat these experiments before your 
friends. A piece of wax will assist you in getting the 
right lengths of the rod 2>. Stick the piece of wax oti 
one of the rods. If the figure on the screen becomes 
more quiet, this shows that this rod which carries the 
wax should be lengthened. K the wax shows that the 
rod C should be lengthened, then we shorten the rod 2>, 
because the rod G always remains of the same length. 

THE WAY TO DRAW THE ACOUSTIC CURVES. 

By the aid of Fig. 5 we explained how one can plot 
on a line, A By the distances that a pendulum goes 
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through in equal small portions of time, by drawing 
perpendiculars to the line A B from the points of 
equal divisions of the circumference of the circle 
above it. In Fig. 5, if we assome that the pendulam 
goes from ^ to ^ in one second, then it goes through 
each of the divisions on the line J. J5 in one-eighth of 
a second. 

The above mode of getting the distances the pendu- 
lum goes over in successive small portions of time will 
serve us to draw at our leisure all the acoustic curves 
given by Blackburn's double pendulum, or by the two 
vibrating rods. 

For example, suppose we wish to draw the figure 
which is made when the two pendulums of the double 
pendulum, or the two rods in our last experiment, vibrate 
in the ratio of 4 to 6 ; that is, when one pendulum or 
rod makes 4 vibrations while the other pendulum or rod 
makes 5. 

Draw the circle A O JB D^ Fig. 20, and inclose it in a 
square. Then draw the two diameters A B and CD paral- 
lel to the sides of the square. Divide the half -circumfer- 
ence A C B into 8 — that is, twice 4^equal parts, and 
through the points of these divisions, 1, 2, 3, 4, 5, 6, 7, draw 
lines parallel to the diameter C D, Now turn the square 
round so that the diameter C D runs right and left. 
Then divide the half -circumference D A C into 10 — ^that 
is, twice 5 — equal parts, and through the points of these 
♦ divisions, a, ft, c, d, e, f, g^ h, ^, draw lines parallel to the 
diameter A B. By these operations we have drawn a net- 
work of Hues in the square E F G H. The spaces on 
the line E H^ or on any line parallel to it, show how far 
one pendulum or vibrating rod moves in equal times. Let 
ns suppose these times eighths of a second. The spaces 
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on the line E F^ or on any line parallel to it, show how 
far the other pendulum or rod moves in successive eighths 
of a second. Now let us begin at the comer E, and sup- 
pose that the point of the funnel of the double pendulum 
is over this comer. Where will the point of the funnel be 




at the end of the first eighth of a second ? By the motion 
of one pendulum it will have moved from E to I, and by 
the motion of the other pendulum it will have moved 
from E to J, Therefore, at the end of the first eighth of 
a second, the point of the funnel will be where the lines 
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drawn through the points I and «7"meet. For a like rea- 
son, at the end of the second eighth of a second, the pen- 
dulum-bob is at the point of meeting of the two lines 
drawn through the points JTand L, It now at once ap- 
pears how to draw the figure. Begin at the comer Ey 
and draw a line to the opposite comer of the little paral- 
lelogram J EI; then continue the line to the next diag- 
onally opposite comer, always passing diagonally from 
comer to corner of the successive parallelograms. Never 
leave any parallelogram, save at the comer, and you will 
end by tracing the complete figure, and then you will 
find the point of your pencil in the corner H, 

In like manner, the curves corresponding to any given 
ratio of vibrations may be drawn. The formation of 
these curves is a very fascinating occupation. After you 
have gone over one with a lead-pencil, you may widen the 
line with a drawing-pen, or a camel's-hair pencil dipped in 
Indian-ink. If you should hang up in your room these evi- 
dences of your progress in the art of experimenting, no 
one will call you vain. 

Experiment 21. — One more experiment, and we will 
begin the study of vibrations giving sound. 

Draw one of the acoustic curves in a square of 3 inches 
on a side, and place the figure so that its centre is directly 
under the point of the funnel of the double pendulum 
when this is at rest, and see that the sides of the 
square are parallel to the edges of the base-board of 
the pendulum. 

The double pendulum having been accurately adjusted 
to trace the figure under it, draw the bob aside so that the 
point of its funnel is exactly over the comer of the square 
containing the figure. Pour sand in the funnel, and bum 
the thread. The pendulum staits on its journey, and as it 
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goes it really seems giiided in its motion by the figure 
under it, for it strews the sand over its lines in the most 
precise manner ; showing again, very neatly, that the mo- 
tion of a pendulum is indeed very accurately reproduced 
by looking at a ball in the plane of the circle around which 
it uniformly revolves. 
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CHAPTER V. 

ON A VIBRATING SOLID, LIQUID, OR GASEOUS BODY 
BEING ALWAYS THE ORIGIN OF SOUND. 

In this chapter it is shown that the mechanical actions, 
which finally result in giving us the sensation of sound, 
always have their origin in some vibrating body, and 
that this vibrating body may be either solid, liquid, or 
gaseous. 

EXPERIMENTS WITH A TUNING-FORK. 

At the music-dealer's buy two forks marked "Philhar- 
monic A." These two forks must be rigorously in tune 
with one another. Buy also another fork marked "Phil- 
harmonic C." For the present we only need one of the 
A-f orks ; the others will be used in future experiments. 

Experiment 22. — Get a match, and spreading two of 
your fingers apart rest it upon both. Hold the fork in 
the right hand, and strike the end of one prong squarely 
and smartly on the knee, or on a piece of thick paper 
folded over the edge of the table. Now bring the fork 
up under the match. The instant the match is touched 
it flies into the air as if knocked away by a sudden blow. 

Experiment 23. — Fill a tumbler brimful of water, 
and, starting the fork once more, hold it over the water so 
that the ends of the prongs touch the surface; imme- 
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diately two tiny showers of spray will fly off on either 
side. This makes a startling experiment when seen mag- 
nified upon the screen {see "Light," page 79). A blow 
struck on the match, and the water dashed violently out 
of the glass, show that the tuning-fork is in motion, that 
it vibrates or quivers when it is struck. Strike it once 
more and bring it to the ear, and you hear a clear sound, 
a smooth and pleasant musical note. We conclude that 
the motion must be the cause of the sound, for the sound 
ceases when the fork ceases to quiver. 

Experiment 24. — Put a small piece of wax against 
the broad face of the end of a prong of the fork, and stick 
against this wax the flat head of a tack. The point of the 
tack should be slightly rounded by a file. Place a piece 
of tin-foil on a napkin or piece of cloth, then vibrate the 
fork and draw the point of the tack quickly along the sur- 
face of the foil. The series of dots now seen on the foil 
show that the prong moved to and from the foil as you 
drew the fork over its surface. 

Experiment 25. — ^Fig. 21 represents a square block of 
wood made by nailing several pieces of board of the same 
size one upon the other. At one side, near the bottom, is 
the tuning-fork driven into a hole in the block, so that it 
will be supported in a horizontal position about J inch (6 
millimetres) from the table. A slender triangular bit of 
tinsel is fixed with wax on the end of one of the prongs 
to serve as a pen. To make the fork sound in this posi- 
tion we need a hammer or drumstick, made by slipping 
a piece of rubber tubing over a stout wire. It is, however, 
always better to vibrate a fork by drawing a violin-bow 
over one of its prongs. 

Get a piece of clean glass 3 inches (7.6 centimetres) 
wide and about 8 inches (20.4 centimetres) long. Smoke 



this on one Bide with the apparatus described in Experi- 
ment 13, and then slip it, smoked side up, under the tun- 
ing-fork, lifting the fork so that the tinael-pen on its end 
will not touch the glass. Next, lay a straight strip of 
wood, A B, Fig. 31, beside the glass and fasten it down 
with brads. This is to serve as a guide in sliding the 
plate under the fork. 



Bend the tinsel-pen down so that it just touches the 
glass. While the fork is vibrating, slide the glass quickly 
along the guide, taking pains to move it at the same speed 
all the time. 

Hold the glass up to the light, and you will see a deli- 
cate wavy line, a sinusoidal trace. We cannot see the 
minute movements of the fort, yet here we have a picture 
of these movements. We see and readily read and un- 
derstand its own handwriting. Placed in the water-lan- 
tern, this trace made by the fork may be exhibited on a 
magnified scale before many persons. To preserve this 
autograph of the fork, flow spirit-vamish over the smoked 
side of the glass, and then the picture may be bandied 
, without injuring it. 



THE ORIGIN OF SOUND- 65 

Tou must have observed that the fork gave a clear 
musical Bound ; and liere we must make a distinction be- 
tween a musical sound and mere noise. A noise is also 
a sound, but an irregular sound. It also is caused by vi- 
brations, but the vibrations are irregular, now fast, now 
slow, confused and disordered. A musical sound is always 
caused by vibrations, simple or compound, which regularly 
repeat themselves, like those of the tuning-fork which you 
have just examined. For convenience, we will call all 
sounds made by regular vibrations "sounds." All of our 
experiments will have to do with musical sounds, and will 
finally lead to music itself. 

EXPERIMENT WITH A VIBRATING TUNING-FORK AND A 

CORK BALL. 

ExPEBiMENT 26. — Fig. 22 represents the fork inclined 
by placing a book under one edge of the block. Cut a 
small ball, about the size of a pea, out of cork, and dip it 
in spirit-varnish ; when dry, fasten it to a fibre of fine floss 
silk. Take the end of the fibre in the left hand so that 
the ball will hang free, and then with the hammer in the 
right hand strike the fork a smart blow. At once bring 
the ball to rest against the foot of the prong, just above 
where it joins the handle. Here the ball rests quiet 
against the fork. Now slowly raise the ball, keeping it 
close to the fork. Immediately it begins to tremble. 
Raise it higher, and it darts away in little jerks and 
jumps. Lift it higher, and it becomes still more agitated, 
and near the end of the fork it is dashed violently away, as 
shown in Fig. 22 ; it falls back and is dashed away again. 

Now take the fork out of the block, and bring the end 
of its handle against the cork ball. The ball trembles. 



These experimeDta show that there tire places of rest above 
the crotdi of the fork, and that the prongs swii^ to and 
fro about these places of rest, while the handle, or foot of 



the fork, vibrates up and down. Experiment 60 will teach 
us yet more as to the manner in which the prongs vibrate. 
In the above experimenta, a small bead, hung by the silk 
fibre, sometimes works as well as the cork ball. 

EXPERIMENTS WITH A BBASS DISK. 

At the hardware-store you can buy a piece of sheet- 
brass i inch (3 millimetres) thick and 6 inches (15 cen- 
timetres) square. Take care to get a flat piece, and, if it 
is not perfectly flat, have it hammered ont flat at the 
braes-worker's. Then let the brass-worker cut it into a 
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circle. Let him round off the edges, and cut a hole just 
yV inch (5 millimetres) in diameter in its centre. If the 
brass disk has been hammered, put it in a stove till it is 
red hot, and then take it out and lay it away where it 
will cool slowly. Cut about 6 inches (15.2 centimetres) 
from a rake or broom handle, and set it upright and firm 
in a heavy block of wood. With a knife pare off the 
sharp edges at the top of this upright, and then fit 
a screw tightly to the hole in the brass disk, and 
screw the disk to the top of the upright. We have 
now a flat disk of brass resting firmly on a stout upright 
support. 

Experiment 27. — Draw a violin-bow carefully over the 
edge of the disk, and after a little practice you will be able 
to make the disk give a clear, strong sound. The bow, 
alternately catching and slipping on the edge of the disk, 
causes it to vibrate, and the vibrations result in sound. 
To make these vibrations visible, get some of the sand we 
used in the sand-pendulum, and scatter it thinly over the 
disk. Now, when the violin-bow causes the disk to vi- 
brate, the sand will be agitated. Each grain will spring 
up and down with a curious, dancing motion. This move- 
ment of the sand shows that the disk is violently agitated ; 
is beating up and down, and tossing the sand about at 
every vibration. 

Experiment 28. — Touch one finger on the edge of 
the disk, and draw the bow at a point one-eighth of the 
way round the disk, measuring from the finger. We now 
get a most singular result. The sand dances furiously 
about, as before, and immediately gathers in lines, which 
are two diameters at right angles, and one of the diam- 
eters starts from the point where th^ finger touches the 
disk, as is shown in A of Fig. 23. 
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ExPBBiMENT 29. — ^Draw the bow at a point 30** dis- 
tant from where the finger touches the disk, and 6 lines 
of sand will be formed, as at B in Fig. 23. 

Experiment 30. — ^By a little practice, a place still 
nearer the finger may be found, where the bow will make 
8 lines of sand, as at (7 in Fig. 23. 






Fio. 23. 

To understand these experiments, you will observe 
that, when the bow throws the disk into vibration, the 
sand on its surface is driven about in a kind of tiny waltz. 
Where the finger touches the disk the trembling of the 
disk is nearly stopped, and where the disk is bowed the 
swings of the plate are the greatest ; hence the disk is 
forced to break up into vibrating sectors, each sector be- 
ing twice the width of the distance of the finger from the 
bow. Each sector swings up, while the adjoining sectors 
swing down, and vice versa. If this be so, then the disk 
itiust always break up into an even number of sectors. It 
always does so. That the disk really vibrates as we have 
stated, you will conclusively prove for yourself by Ex- 
periments 68, 69, 70, and 122. 

The lines separating the different sectors remain near- 
ly at rest, exactly like the places just above the crotch of 
the tuning-fork, f oigid out in Experiment 26. The sand, 
dashed about on the vibrating parts, is driven to these 



THE ORTGIK OF SOUND. 69 

places of rest, and gathers in narrow windrows running 
from the centre of the disk. These lines of rest are called 
nodal lines, 

ExpEBiMENT 31. — To incrcasc the interest in these 
experiments, mix some dry lycopodium powder (from the 
druggist's) with the sand, and strew them on the disk. 
These powders will behave in the most extraordinary man- 
ner when the disk vibrates, forming little heaps and whirl- 
winds that seem to smoke and boil furiously. This singular 
phenomenon is caused by the rotating currents of air set 
in motion by the vibrating disk. The heavy sand dashes 
through these little whirlwinds, but the light powder is 
caught up and whirled about in strange fantastic dances. 

EXPERIMENT IN WHICH A SUBMERGED FLAGEOLET IS 
SOUNDED BY FORCING WATER THROUGH IT. 

ExpEBiMENT 32. — ^Fig. 24 represents a glass jar (a 
bucket will do as well) standing in a sink near a water- 
faucet. A tin flageolet, such as may be bought in the 
toy-shops, has the highest finger-hole in it closed with 
wax, as shown in Fig. 24. -All the other holes are left 
open. A rubber tube leading from the faucet is slipped 
over the mouth of the flute. The water is turned on, and 
flows through the tube into the flute, and thence out into 
the jar. The jar overflows, and the water runs away 
down the sides. These thingsj placed in this manner, 
will give an experiment showing that a liquid, like water, 
may vibrate and give a sound. If the flow of the 
water is carefully regulated, and the flute is of the right 
pattern, you will hear a low but distinct musical note 
from the water. Touch the glass jar and a piece of pa- 
per laid on the surface of the water, and you will feel 
them quivering with the vibrations. Here we have a flute 



blown by water nnder w&ter, and giving & sound which ia 
caused solely by the vibrations of the water. A queer 



Ante, certainly, and an experiment as surprising in its 
effects as it is instructive. 



PROFESSOR KUNDT'S EXPERIMENT, MADE WITH A WHISTLE 
AND A LAMP CHIMNEY, SHOWING THAT, AS IN WIND IN- 
STRUMENTS, A VIBRATING COLUMN OF AIR MAT ORIG- 
INATE SONOROUS VIBRATIONS. 

Experiment 33. — The chimneys of student - lamps 
have a fashion of breaking just at the thin, narrow part 
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near the bottom. . Such a broken chimney is very useful 
in our experiments. At A, in Fig. 25, is such a broken 
chimney, closed at the broken end with wax. A cork is 
fitted to the other end of the chimney, and has a hole 
bored through its centre. In this hole is inserted part of 
a common wooden whistle. At JB is an exact representa- 
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tion of such a whistle, and the cross-line at C shows 
where it is to be cut in two. Only the upper part is used, 
and this is tightly fitted into the cork. 

Inside the tube is a small quantity of very fine precip- 
itated silica, probably the lightest powder known. Some 
of this powder you may purchase of Wale & Co., of Ho- 
boken, New Jersey. Hold the tube in a horizontal posi- 
tion and blow the whistle. The silica powder springs up 
into groups of thin vertical plates, separated by spots of 
powder at rest, as in the figure. This is a very beautiful 
and striking experiment. 

Experiment 33 a. — ^The following experiment shows 
that the sound is caused by the vibrations of the column 
of air in the tube and whistle, and not by the vibrations 
of these solid bodies. Grasp the tube and whistle tightly 
in the hands. These bodies are thus prevented frflm vi- 
brating, yet the sound remains the same. 
4 
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The breath driven through the mouth of the whistle 
strikes on the sharp edge of the opening at the side of the 
whistle, and sets up a flutter or vibration of air. The air 
within the glass tube now takes part in the vibrations, 
the light silica powder vibrates with it, and makes the 
vibrations visible. 

To exhibit this experiment before a number of people, 
lay the tube carefully on the water-lantern before the heli- 
ostat, and throw a projection of the tube and the powder 
on the screen. When the whistle is sounded, all in the 
room can see the fine powder leaping up in the tube into 
thin, upright plates. 

Experiment 34. — Mr. Geyer has made the following 
pleasing modification of this experiment : Take a glass 
tube about 2 feet (61 centimetres) long and f inch (19 
millimetres) diameter. One end of this tube is stopped 
with a cork ; then some silica is poured into it. The other 
end is placed in the mouth. Singing into the tube, a note 
is soon struck which causes the silica to raise itself in 
groups of vertical plates, sepiarated by places where the 
powder is at rest, the number of these groups and their 
positions in the tube changing with the note sung. 

We have now seen how solids, like steel or brass, may 
vibrate and give a sound. We have heard a musical 
sound from vibrating water, and these last experiments 
prove that a gas, like air, may also vibrate and give a 
sound. In the next chapter you will find experiments 
which show how these vibrations move through solids, 
through liquids, and through the air. 
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CHAPTER VI. 

ON THE TRANSMISSION OF SONOROUS VIBRATIONS 
THROUGH SOLIDS, LIQUIDS, AND OASES, LIKE AIR, 

EXPERIMENT WITH A TUNING-FORK AND WOODEN ROD. 

In this chapter it is shown that a solid, a liquid, or a 
gas, like air, may conduct to a distant point the vibrations 
made at the place of origin of the sound. 

Experiment 35. — Get the tuning-fork and one of the 
pine rods we used in Experiments 9 and 17. Let one hold 
the rod horizontally and lightly pressed against the panel 
of a door. Let another make the fork vibrate, and then 
press the end of its handle against the free end of the 
rod. At once the door-panel gives the note of the fork. 
Take the fork away from the end of the rod and the 
sound is no longer heard. Why the panel gives so loud a 
sound will be explained by other experiments. Just now 
we are merely observing the fact that the vibrations of 
the fork move through the rod to the door. 

Experiment 36. — ^Hold the rod to the ear, and touch 
the fork to the other end, and the sound will be heard 
distinctly. 

Experiment 37. — ^If you hold the rod in the teeth 
and close the ears the sound will be heard, showing that 
the vibrations of the fork travel through the rod, through 
the teeth, and through the bones of the head to the ear. 
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ExPEBiMENT 38. — ^Touch the handle of the vibrating 
fork to the head and you will perceive the sound. 

ExPEBiMENT 39. — Open the mouth and place in it your 
watch, taking care that your teeth do not touch it, and take 
note of the force of the sound you hear. Now gently bite 
the watch, and note how distinctly the ticks are heard. 

ExPEBiMENT 40. — ^At the toy-shops you can buy a lit- 
tle instrument sometimes called the "lovers' telegraph," 
or " telephone." It consists of two short pieces of tin tube, 
each having a membrane fastened over one end, and a long 
piece of twine joining the two membranes. Let one boy 
hold the open end of one of the tins to his ear, and let 
another take the other tin to the distance a^t which the 
twine is pulled out tight. Then let him sound the fork and 
touch its foot to the tin ; immediately the boy at the other 
end hears the note. The vibrations of the fork travel 
through the first tin and membrane, then along the twine 
to the other membrane and tin to the ear of the listener. 

AN EXPERIMENT IN WHICH SONOROUS VIBRATIONS ARE 

SENT THROUGH WATER. 

ExPEBiMENT 41. — ^At the carpenter's procure two 
wooden boxes, measuring on the outside 7|- inches (19.7 
centimetres) long, 3|^ inches (9.84 centimetres) wide, and 
2i inches (6.4 centimetres) deep, using pine J inch (6 mil- 
limetres) thick. In making these boxes, neither dovetail- 
ing nor nails need be used ; they may be glued together. 
One end of the box is left open. Make the tuning-fork 
sound, and then hold it upright, resting the handle on the 
centre of the top of the box. You observe the sound is 
now very much louder. Why this is so will be shown by 
other experiments. 
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Experiment 42. — In Fig. 26 ia the bos. A tambler 
filled with water is standing on the box. The tuning-fork 
stuck in a block of wood rcstB on the water. Take the 
fork and block in the hand, and make the fork vibrate ; 
then immediately plunge the block in the water as repre- 
sented in the figore. At once you will hear the sound of 



the fork apparently coming out of the box. The vibra- 
tions of the fork pass through its handle to the block, and 
from this through the water and through the bottom of 
the glass to the box. Our experiment thus shows that 
vibrations may easily pass through a liquid. A sheep's 
bladder filled with water may replace the tumbler and 
water in this experiment. 

EXPERDIESTS SHOWING THAT THE AIB IS CONSTANTLY 
VIBKATING WHILE SONOROUS VIBRATIONS ARE PASSING 
THROUGH IT. 
We mast now add to our apparatus an open metal A- 

pipe, about 7i inches (19 centimetres) long, shown at 
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C in Fig. 27. This pipe the organ-builder will accurately 
tune to your "A-philharmonic" fork. 

£xPBBiiLBNT 43. — Get a glass tumbler about 3} inches 
in diameter and about 3^ inches deep, though any tumbler 
will do. Take a piece of window-glass about 3 inches 
square and place it over the tumbler. The glass must 
touch the edge of the mouth of the tumbler all around. 



Now slowly slide the glass so that the opening into the 
tumbler gets lai^er and larger, while the vibrating fork is 
held all the time over this opening, as shown at A in Fig. 
27. Presently you will get an opening of a size that 
causes an intense sound, much louder than any yon 
have ever before heard from the fork alone. This is 
because the air in the tiunbler is set in vibration, and 
adds the vibrations of its mass to those of the fork. That 
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this is so you may prove for yourself by the following 
experiment : 

ExpEBiMSNT 44. — Being careful not to move the glass 
plate from its present position (Experiment 43), stick it 
with wax to the tumbler. Pour a little silica into the 
tumbler, and then hold it horizontally, and vibrate the 
fork near its opening, observing attentively how the silica 
powder is acted on by the inclosed vibrating air. 

ExPEBiMENT 46. — Take a piece of thin linen paper 
about 4i inches square, and having wetted it paste it over 
the mouth of the tumbler. When the paper has dried it 
will be stretched tightly. Take a sharp penknife and 
carefully cut away the paper so as to make an opening as 
shown at B in Fig. 27. Make this opening small at first, 
and very gradually make it larger and larger. Hold the 
fork over the opening after each increase in its size, and 
you will soon discover the size of the opening which 
causes the air inclosed in the tumbler to vibrate with the 
fork, and thus greatly to strengthen its sound. You have 
now a mass of air in tune with the fork, and inclosed in a 
vessel which has one of its walls formed of a piece of 
elastic paper. With this instrument, which I have invented 
for you, you must make some charming experiments. 

ExPEBiMENT 46. — ^If the air in the tumbler vibrates to 
the A-f ork, it will, of course, vibrate to the A-pipe, which 
gives the same note as the fork. Scatter some sand on 
the paper, and then sound the A-pipe a foot or two from 
it. The sand dances vigorously about, and ends by 
arranging itself in a nodal line parallel to the edges of 
the paper, in the form of a U with its two horns united 
by a straight line. The vibrations of the pipe can only 
reach the tumbler by going through the air, and, as the 
sand vibrates when the tumbler is placed in any position 
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about the pipe, it follows that the air all around the pipe 
vibrates while the pipe is sounding. 

ExpEBiMENT 47. — Sprinkle a small quantity of sand 
on the paper, and then, placing a thin book under the tum- 
bler, so incline it that the sand just does not run down the 
paper, as shown in JB, Fig. 27. Now go to the farthest 
end of the room and blow the pipe in gentle toots, each 
about one second long. At each toot, your friend, stand- 
ing near the tumbler, will see the sand make a short march 
down the paper ; and soon by a series of marches it makes 
its way to the edge of the paper and falls into the tum- 
bler. I have, in a large room, gone to the distance of 
60 feet (18.28 metres), and the experiment worked as I have 
just described it. 

Experiment 48. — ^Again arrange the experiment as in 
Experiment 47, and standing 3 or 4 feet from the tumbler 
try how feeble a sound will vibrate the paper. K every 
part of the experiment is in good adjustment, you will find 
that the feeblest toot you can make will set the sand 
marching. To keep it at rest you must keep silent. 

ExPERiMEjfT 49. — ^To show these experiments on a 
greatly magnified scale, place the tumbler in front of the 
heliostat {see " Light," page 79) so that the sun's rays just 
graze along the inclined surface of the paper. Cut off a 
piece of a match ^ inch long, and split this little bit into 
four parts. Place one of these on the inclined paper. Of 
course, the image of the tumbler is inverted, so the bit of 
wood appears to adhere to the lower side of the paper. 
If a little paper mouse cut out of smooth paper is used in 
place of the bit of wood, it is really amusing to see the 
mouse make a start to every toot of the pipe. I trust 
my reader will not think me unscientific for making a 
little fun. Singing the note A, instead of sounding it 
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on the pipe, produces the same effects in the above ex- 
periments. 

Experiment 50. — If you sing or sound some other 
note than the A, you will find it powerless to move the 
sand over the tumbler. 

ExPEBiMENT 51. — The experiments just made with the 
tumbler, partly covered with the glass plate or stretched 
paper, may be modified in a way that makes one of the 
most beautiful and instructive experiments. 

Take a pint bottle half filled with distilled or rain 
water, and put into it one ounce of shavings of white cas- 
tile soap ; then shake the bottle. If the soap does not all 
dissolve, add more water till you have a clear solution. 
Then add a gill of glycerine, shake, and allow to settle. 
This solution is the best for making soap-bubbles. 

Pour out the soap-solution into a basin ; then dip the 
mouth of a deep tumbler (one 5 or 6 inches deep is the best) 
into it. The glass plate is now slid through the soap- 
water under the mouth of the tumbler. Take the tum- 
bler, with the glass on it, out of the basin and stand it 
erect on the table. Vibrate the A-f ork, and hold it over 
the edge of the tumbler while you slide the glass plate 
across its mouth, as we did in our other experiments. 
The opening which is thus made, between the rim of the 
tumbler and the edge of the glass plate, will have a soap- 
film over it. Adjust the size of this opening till it tunes 
the air in the tumbler to vibrate to the fork. When this 
takes place, a loud sound issues from the tumbler, and the 
delicate soap-bubble is violently agitated ; its surface is 
chased and crinkled in so complicated a manner that its 
appearance cannot be described. 

This experiment succeeds best with a very deep tum- 
bler, like the one we have used, and with a 0-fork and 
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pipe. The soap-film covers nearly half of the mouth o£ 
the tumbler when the latter is in tune to the C-fork. 

To see well the vibrating surface of soap-film, you 
must reflect from it the light of the sky. 

ExPEBiMENT 52. — ^By the aid of the heliostat and a 
lens the experiment may be made one of great beauty. 
With some wax stick the glass plate to the tumbler, so 
that the soap-film may be placed upright and inclined to 
the beam of light coming from the heliostat. With a plano- 
convex lens placed between the film and the screen obtain 
a magnified image of the soap-film {see "Light," page 79). 

As the soap-film is upright it drains thinner and thin- 
ner, while the image of the film grows more and more 
brilliant. Magnificent bands of reddish and bluish light 
appear, and stretch across the screen. Now sound the 
fork or pipe near the film. The vibrations bend and un- 
dulate the colored bands, and the colors chase each other 
over the screen like waves on a troubled sea. On the 
sound ceasing, the bands straighten, and a comparative 
calm spreads over the screen. 

EXPERIMENTS WITH THE SENSITIVE-FLAMES OF GOV! 
AND BARRY, AND OF GEYER. 

Experiment 53, — ^In Fig. 28, A is an upright wooden 
rod nailed to a block 2>. At jS is a piece of stout wire 
bent in the form of a ring, 5 inches (12.7 centimetres) in 
diameter, and then bent at a right angle and stuck in the 
upright rod. On the ring is laid a piece of wire gauze 
that has about 30 meshes to the inch. ^ is a glass tube 
joined to a rubber tube that leads to the nearest gas- 
burner. To make this glass tube or jet, take a piece of 
glass tube, about i inch outside diameter and 6 indies 
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(15.3 centimetres) long, and, holding its ends in the hands, 
heat the tube, at about 1^ inch from its end, in a epirit- 
flame or the flame of a Bunsen burner till it softens ; 
then pull it out till it is reduced about one-quarter in di- 
ameter. When it is cold, draw the edge of a file across 
this narrow part, and snap the tube asunder. Now heat 
in like manner the middle of this tube, and bend it into a 



right angle, as shown in Fig. 38, and, with wax, stick it 
upright on a block of wood, with the tip of the jet about 
2 inches (5.1 centimetres) below the wire gauze. 

Turn on the gas and light it above the gauze, where 
it will bum in a slender, conical flame, about 4 inches 
high, with its top yellow and its base blue. This forms 
the "sensitive-flame" invented by Prof. Govi of Turin, 
and afterward by Mr. Bairy of Ireland. 
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If you hiss, whistle, shake a btmch of keys, or clap 
the hands, the flame at once roars, and, shrinking down 
to the gauze, becomes entirely blue and almost invisible. 
It is called a "sensitive-flame," because it is sensitive 
to sonorous vibrations, and shows us their existence in 
the air. 

Experiment 54. — ^Mr. Geyer, of the Stevens Institute 
of Technology, has made an addition to the Govi-Barry 
flame, which heightens its sensitiveness, and makes it 
utter a musical note while disturbed by vibrations ; 
while, in another modification of the experiment, the 
flame sings continuously, except when agitated by exter- 
nal sounds. I give his experiments in his own words : 

" To produce them it is only necessary to cover Barry's flame 
with a moderately large tube [see Fig. 28, in which, however, the 
tube is represented of somewhat too great a diameter], resting it 
loosely on the gauze. A luminous flame, 6 or 8 inches long, is 
thus obtained, which is very sensitive to high and sharp sounds. 
If, now, the gauze and tube be raised, the flame gradually shortens, 
and appears less luminous, until at last it becomes violently agi- 
tated, and sings with a loud, imiform tone, which may be main- 
tained for any length of time. Under these conditions, external 
sounds have no effect upon it. The sensitive musical flame is 
produced by lowering the gauze until the singing just ceases. It 
is in this position th&t the flame is most remarkable. At the 
slightest sharp sound, it instantly sings, continuing to do so as 
long as the disturbing cause exists, but stopping at once with it. 
So quick are the responses that, by rapping the time of a tune, 
or whistling or playing it, provided the tones are high enough, 
the flame faithfully sounds at every note. By slightly raising or 
lowering the jet, the flame can be made more or less sensitive, so 
that a hiss in any part of the room, the rattling of keys even in 
the pocket, -turning on the water at the hydrant, folding up a 
piece of paper, or even moving the hand over the table, will excite 
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the sound. On pronouncing the word * sensitive,' it sings twice; 
and, in general, it will interrupt the speaker at almost every ' s,' 
or other hissiug sound. 

" The tube chiefly determines the pitch of the note, shorter or 
longer ones producing, of course, higher or lower tones respec- 
tively. I have most frequently used either a glass tube, 12 inches 
long and 1^ inch in diameter, or a brass one of the same dimen- 
sions. Out of several rough pieces of gas-pipe, no one failed to 
give a more or less agreeable sound. Among these gas-pipes was 
one as short as 7 inches, with a diameter of 1 inch ; while an- 
other was 2 feet long and li inch in diameter. A third gas-pipe, 
15 inches long and f inch in diameter, gave, when set for a con- 
tinuous sound, quite a low and mellow tone. 

" If the jet be moved slightly aside, so that the flame just 
grazes the side of the tube, a note somewhat lower than the fun- 
damental one of the tube is produced. This sound is stopped by 
external noises, but goes on again when left undisturbed. All 
these experiments can be made under the ordinary pressure of 
street-gas, f inch of water being sufficient." 
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CHAPTER Vn, 

ON THE VELOCITY OF TRANSMISSION OF SONOROUS 
VIBRATIONS, AND ON THE MANNER IN WHICH THEY 
ARE FROFAOATED THROUGH ELAS2IC BODIES. 

ON THE SPEED WITH WHICH SONOROUS VIBRATIONS 

TRAVEL. 

When in the country, you have seen a man chopping 
wood. If you stood near him, you observed that the 
blow and the sound of his ax came together. If you 
moved away from him, you may have noticed that, while 
you could see his ax fall, and hear the sound of the blow, 
the sound seemed to follow the blow. When you moved 
away several hundred feet, the interval of time separating 
the sight of the blow and its sound was readily noted. 
You may also have observed that some time passed be- 
tween the flash of a gun or the puff of a steam-whistle 
and the report of the gun and the sound of the whistle. 
These things convince us that sonorous vibrations take 
time to move through the air. 

This matter has been carefully examined by scientific 
men, and they have found that sound-vibrations move 
through the air at the rate of 1,090 feet (332.23 metres) 
in one second. This is the velocity of sound when the 
temperature is just at freezing, or at 32° Fahrenheit Por 
each degree above this, sound gains in speed one foot more. 
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For inBtance, upon a summer's day, the thermometer may 
stand at 80°. This is 48° above 32°, and the sound gains 
48 feet, so that it moves at the rate of 1,138 feet a second 
at this temperature. 

The velocity of sonorous vibrations in oxygen gas at 
32° is 1,040 feet per second ; in hydrogen gas it is 4,160 
feet, just 4 times as great. As a cubic foot of hydrogen 
weighs 16 times less than a cubic foot of oxygen, and as 
4 is the square root of 16, it follows that the speed of 
sonorous vibrations in gases varies inversely as the square 
roots of the weights of equal volumes of the gases. 

Sonorous vibrations travel through water at the speed 
of 5,000 feet per second, and through iron at about 16,000 
feet in a second. 

EXPERIMENTS WITH GLASS BALLS ON A CURVED RAILWAY, 
SHOWING HOW VIBRATIONS TRAVEL THROUGH ELASTIC 
BODIES. 

ExPEBiMENT 55. — Fig. 29 represents a wooden rail- 
way about 6 feet (183 centimetres) long. It may be 
made of pine strips, li^ inch (3.8 centimetres) wide and i 
inch (6 millimetres) thick, laid side by side about 1 inch 



Fig. 29. 



(25 millimetres) apart, and joined together by short cross- 
strips nailed on them. Get six or seven large glass mar- 
bles at the toy-shop. These are intended to roll be^ 
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tween the two strips, just as balls roll in the railway of a 
bowling-alley. Place the railway on a table or board, 
and fasten it down at the middle with a screw in the 
cross-strip, and then raise each end and put a book or 
wooden block under it, as in Fig. 29. 

Place the balls in the middle of the curving railway, 
and then bring one to the end and let it roll down against 
the others. Immediately the last ball will fly out and roll 
part way up the incline toward the other end of the rail- 
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way. The first ball will come to rest beside the others, 
and the ball which has been shot up the railway will roll 
back against those at rest, and the same performance will 
be repeated till the motion has gone from the rolling balls. 

Let us examine this matter, and see what happens 
to these balls on the railway. First, you must observe 
that the baUs are elastic, for experiment will show that 
they will bound like rubber balls when let fall on the 
hearth-stone. 

ExPEBiMENT 56. — To show that the ball is elastic, and 
flattens when it strikes the stone, make the following ex- 
periment : Mix some oil with a little red-lead, or other 
colored powder^ and smear it over a flat stone, like a flag- 
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stone. Rest the ball on this, and observe the size of the 
circular spot made on it. Now let the ball fall on the 
stone, and observe the larger circular spot made by the 
fall. This shows that when the ball struck it flattened 
and touched a larger surface on the stone. 

The first ball rolls down and strikes a hard blow on 
the side of ball No. 2. This ball is flattened between 
balls Nos. 1 and 3, as shown in Fig. 30. 

Ball No. 2 at once springs back again into its former 
spherical figure, and in doing so it brings No. 1 to rest 
and flattens No. 3, as shown in Fig. 31. 

Ball No. 3 now springs back into its spherical form, 
and in doing so acts on No. 2 and brings it to rest, and 
acts on No. 4 and flattens it. Thus each ball passes the 
blow on to the next by its elasticity, and each in turn 
flattens and then springs into its natural form, and thus 
we have a series of contractions and expansions running 
through the whole series of balls. The last ball is finally 
flattened, and, when it expands immediately afterward, it 
presses against the ball that gave it the blow and brings 
it to rest ; at the same time, finding no resistance in 
front of it, its back-action on the ball behind it causes it 
to start up the railway. Thus the last ball. No 7, is shot 
up the railway by a force derived from ball No. 1, and 
which was sent through all the balls by their successive 
contractions and expansions. 

EXPERIMENTS WITH A LONG SPRING, SHOWING HOW VI- 
BRATIONS ARE TRANSMITTED AND REFLECTED. 

Experiment 57. — Obtain a brass wire, wound in the 
form of va spiral spring, about 12 feet long. Get an 
empty starch-box or cigar-box, and take off the cover, 
and then stand it on one end at the edge of a wooden 



table, with the bottom of the box facing outward. Screw 
thia box firmly to the table, and then screw a email iron 
or braes hook to the bottom of the bos, as ehown in Fig. 
33. Slip over this hook the loop at the end of the long 
spiral spring. Hold the other end of the spring in the 
hand, letting it hang loosely between the hwid and the 
box. Insert a finger-nail or the blade of a knife between 
the turns of the wire, near the hand, and pull the turns 



asunder. Free the nail suddenly, and a yibration or 
shock will start and run from coil to coil along the whole 
spring, and a loud rap or blow will be heard on the box, 
thence to be reflected to the hand, and then again to the 
box, and so on. Here we have a beautiful illustration of 
the manner in which a vibration may travel along an elas- 
tic substance, and make itself heard as a sound at the 
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other end, there to be reflected back to the place whence 
it came, to begin over again its forward journey. 

EXPLANATION OF THE MANNER IN WHICH SONOROUS 
VIBRATIONS ARE PROPAGATED. 

If the student clearly understands the actions in the 
experiments with the glass balls and spring-coil, he can 
have no difficulty in perceiving how a shock or vibration 
may in like manner pass through the elastic air. 

For simplicity of illustration, imagine a very long 
tube, in which, at one end, fits a piston or plug. Suppose 
this piston moves quickly forward in the tube through a 
short distance — say, one inch — and then stops. K the air 
were inelastic, then one inch of air would move out of the 
other end of the tube while the piston moved forward one 
inch. But air is elastic ; it gives before the motion of the 
piston ; and it takes some time, after the piston has moved 
forward, before the air moves at the other end of the tube. 
If the tube is 1,100 feet long, and the temperature of the 
air 42°, it will be one whole second before the end of the 
air-colunm moves ; for it takes that time for a sound-vi- 
bration to traverse 1,100 feet, and a mechanical action on 
air of the above temperature cannot be sent through it 
with a greater speed than that. 

Now, suppose that the piston takes ^ second to make 
its forward motion in the tube, how far will the air be 
compressed in front of it at the instant the piston stops ? 
Evidently the answer is found by taking ^ of 1,100 feet, 
which is 110 feet. If the piston takes yfj- of a second in 
moving forward, then at the end of that time the air is 
compressed before the piston to a depth of -j^ of 1,100 
feet, or 11 feet. The length of the column of air, com- 
pressed by the forward motion of the piston, in every case 
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is found by dividing the velocity of sound by the fraction 
of a second during which the piston was moving. 

This compressed air cannot remain at rest in the tube, 
for it is now exactly like the compressed ball No. 2 of 
Fig. 30.. . It expands, and in expanding it acts backward 
against the immovable piston, but in front it compresses 
another column of air equal to it in length ; this, in turn, 
acts like ball No. 3 of Fig. 31, bringing to rest the column 
of air behind it and compressing another column in front 
of it ; and in this manner the compression will traverse a 
tube 1,100 feet long in one second. 

K the piston moves backward in the tube, then a col- 
umn of rarefied or expanded air will be formed in front of 
the piston, caused by the air expanding into the space left 
vacant by its backward motion ; and this rarefaction will go 
forward through the air exactly as did the compression. 

Now imagine the piston to move to and fro in the 
tube ; it will send through the column of air condensa- 
tions and rarefactions, following each other in regular 
order. If we have a body vibrating freely in the open 
air, then it will form spherical shells of compressed and 
rarefied air all around it, these shells constantly expand- 
ing outward into larger and larger shells, and following 
each other in regular order and motion, like the regular 
movement of the circular water-waves which spread out- 
ward around a point of agitation on the surface of a pond. 
Thus the sound-vibrations are sent out in all directions 
from a vibrating body just as light is diffused in all direc- 
tions around a luminous body. In our experiments in 
"Light," page 34, we found that the illumination of a 
given surface varies in brightness inversely as the square 
of its distance from the source of light. In like manner 
the loudness of a sound decreases inversely as the square 
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of our distance from the vibrating body. Thus, at 100 
feet, the loudness of the sound is J of what it was at 50 
feet, and at 200 feet its loudness is ^ of what it was 
when we were 50 feet distant. 

Now what will be the effect on any portion of air — 
like that, for example, which touches the drum-skin of the 
ear — ^if these condensations and rarefactions reach it? 
Evidently, while the condensations are passing, the mole- 
cules (the smallest parts) of the air will move nearer each 
other, then regain their natural positions, to be separated 
yet farther by the rarefaction which at once follows. 
Therefore, the effect on any molecule will be to swing it 
to and fro. Hence the air, touching the drum-skin of the 
ear, moves forward and then backward, and forces the 
drum-skin in and then out. This swinging motion is con- 
veyed to the fibres of the auditory nerve, and causes that 
sensation called sound. 

But we have seen that vibrating bodies swing to and 
fro like the pendulum, hence those vibrating bodies which 
are causing sound make all the molecules of air around 
them swing to and fro like the bobs of very small pendu- 
lums, each pendulum beginning its swing just a little 
sooner than the one in front of it. 

All this, however, and much more than we have time 
to write about, will be taught you very clearly by an in- 
strument which I shall now show you how to make. 

EXPERIMENTS WITH CROVA'S DISK, SHOWING HOW SONO- 
ROUS VIBRATIONS TRAVEL THROUGH AIR AND OTHER 
ELASTIC MATTER. 

ExPEBiMENT 58. — In Fig. 34 JL is a cardboard disk 
mounted on a whirUng machine or rotator -B, and (7 is a 



piece of cardboard having a slit cut in it. Upon the disk 
are 34 eccentric oirolea drawn with a pen, and so placed 
that thej can be seen through the slit in the cardboard. 
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The rotator can be bought of Wale & Co. of Hoboken 
for $3.00 ; the disk you can make yourself from the fol- 
lowing directions : Get a piece of stiff cardboard, and cut 
out a disk 31 centimetres in diameter. In making this 
disk we will use the metric measure exclusively. Round 
the centre C of this disk draw a circle just 5 millimetres 
in diameter. {See (7, Fig. 35, where it is drawn "full 
size.") Then divide this circle into 12 parts, and number 
the points of division 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12. 
The next step is to rule upon a sheet of paper a straight 
line li^ centimetres long, and to mark 72 millimetres of 
this off into 24 spaces of 3 millimetres each, as shown in 
the real size at A -B, Fig. 35. This we use as a scale in 
spreading the dividers. Then draw a circle with the di- 
viders spread 7^ centimetres, from A to By Fig. 35, using 
the dot No. 1 at the top of the circle C on the cardboard 
as a centre. Then spread the compasses just 3 millimetres 
wider, using the scale we have just made for a guide, and 
make another circle, with dot No. 2 as a centre. You will 
observe that the two circles are eccentric — that is, they 
are not parallel to each other, one spreading a little to the 
right of the other. Go thus round the circle C twice, and 
use each dot in the circle in turn as a centre till you have 
24 eccentric circles drawn on the disk, each circle having 
a radius 3 millimetres greater than the one next within it. 
When the circles are finished, ink them over with a draw- 
ing-pen holding violet ink, or Indian-ink. When dry, cut 
a small hole exactly in the centre, and mount the disk on 
the rotator. Get a piece of cardboard about 15 centi- 
metres long, and cut in it a narrow slit about 10 centi- 
metres long, in which the eccentric circles will appear 
like a row of dots when the cardboard is held before the 
disk, as in Fig. 34. 



VELOCITY OF TRANSMISSION, ETC. 95 

Now turn the handle of the rotator slowly and steadily. 
The disk will revolve, and the eccentric circles will move 
in the slit in the card. At once you have a most singular 
appearance. A horizontal, worm-like movement among 
the row of dots is seen in the slit. They crowd up 
against each other and then move apart, only to draw 
near again and then separate. There seems to be a wave 
moving along the slit, appearing at one end and disappear- 
ing at the other. At one part of the wave the dots are 
crowding together, at another they are spreading apart. 
Look closely and you will observe that; although this 
wave appears to move over the length of the slit, yet each 
dot makes but a very small to-and-fro movement. No 
matter how fast the crank is turned, or how swiftly the 
waves chase each other along the slit, each dot keeps 
within a fixed limit, swinging to and fro as the waves pass. 

We have learned that the prongs of a tuning-fork vi- 
brate like a pendulum. Both prongs move, but just now 
we will only consider the motion of one. In vibrating it 
swings backward and forward, pushes the air in front of 
it, and gives it a squeeze ; then it swings back and pulls 
the air after it. In this way the air in front of it is alter- 
nately pressed and pulled, and the molecules of air next 
to it dance to and fro precisely as the first dot swings to 
and fro behind the slit. You cannot see the motion of 
the molecules of air in front of the tuning-fork, yet our 
apparatus accurately represents their movements, so that 
we can leisurely study them. 

First comes an outward swing of the fork, and the air 
before it is squeezed or condensed. Then it swings back, 
and the air before it is pulled apart or spread out ; in 
other words, it is rarefied. So it happens that the fork 
alternately condenses and rarefies the air. The air is elas- 
5 
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tic, and the layer nearest the fork presses and pulls its 
neighbors precisely as described in the previous section, 
where we explained the manner in which sonorous vibra- 
tions are propagated. 

When the fork makes one condensation and one rarer 
faction, it has made one vibration ; that is, it has swung 
once to and fro. Then it makes another vibration, and 
produces another condensation and rarefaction. Thus 
condensations and rarefactions follow each other, and 
move away from the fork in pairs, in regular order. 

One condensation, together with its fellow rarefaction, 
forms what is called a sonorous wave. If the fork, for 
example, should vibrate for exactly one second, and then 
stop, the air, for a distance of 1,100 feet all around it, 
will be filled with shells of condensed and rarefied air. 
Therefore, as one vibration to and fro of the fork makes 
one shell of condensed air and its neighboring shell of 
rarefied air^ we can find the combined thickness of these 
two shells by dividing 1,100 feet (the velocity of sound) 
by the number of vibrations the fork makes in one second. 
Our A-f ork makes 440 vibrations in one second. Hence 
the depth of two shells — one of condensed, the other of 
rarefied air — ^formed by this fork is 1,100 -f- 440, which is 
2^ feet. The length thus obtained is called a wave-length. 
Evidently, the greater the number of vibrations a second 
the shorter the waves produced. 

Scientific men, to represent a sonorous wave, always 
use a curve like A C B B oi Fig. 36, in which the part 
of the curve A C 0, above the line A B, stands for the 
condensed half of the wave, while the part O B B, below 
A B, stands for the rarefied half of the wave, and the per- 
pendicular height of any part of the curve A O, above 
the line A Bj shows the amount of condensation of the air 
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at that part of the wave ; while similar lines drawn to the 
curve O RBy below A B^ show the amount of rarefac- 
tion at these points of the wave. 

The curve A C O RB'vs, not a real picture of a sono- 
rous wave ; it is merely a good way of showing its length, 
and the manner in which the air is condensed and rare- 
fied in it ; for sonorous waves are not formed of heaps 
and hollows like the waves you have seen on the sea. 
They are not heaps and hollows of air, but only conden- 
sations and rarefactions of air. In short. Fig. 36 is merely 
a convenient symbol which stands for a sonorous wave. 
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ExPEBiMEN^T 59. — Look at the row of dots seen in the 
slit when the disk is at rest, and find the two dots which are 
nearest to each other ; this place in the slit corresponds 
to the point C in Fig. 36. Next find where the dots are 
farthest apart ; this place corresponds to J? in Fig. 36. 
The distance from C to B is one half wave-length ; there- 
fore the distance between two adjoining places, where the 
dots are nearest together, equals the length of one whole 
wave. 
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CHAPTER Vm. 

ON THE JNTERFERENQE OF SONOROUS VIBRATIONS 
AND ON THE BEATS OF SOUND, 

ExPEBiMENT 60. — Cut out two Small triangles of cop- 
per foil or tinsel, of the same size, and with wax fasten one 
on the end of each of the prongs of a tuning-fork. Put 
the fork in the wooden block and set up the guide (as in 
experiment, Fig. 21). Prepare a strip of smoked glass, 
and then make the fork vibrate and slide the glass under 
it, and get two traces, one from each prong. 




Fig. 87. 

Holding the glass up to the light you will see the 
double trace, as shown in Fig. 37. You observe that the 
wavy lines move apart and then draw together. This 
shows us that the two prongs, in vibrating, do not move 
in the same direction at the same time, but always in op- 
posite directions. They swing toward each other, then 
away from each other. 

Experiment 61. — What is the effect of this movement 
of the prongs of the fork on the air ? A simple experi- 
ment will answer this question. 



INTERFERENCE OF SONOROUS VIBRATIONa 99 

Place three lighted candles on the table at A, B, and 
C (Fig. 38). Hold the hands upright, with the space 
between the palms opposite A, while the hacks of the 
hands face the candles B and C. Now move the hands 
near each other, then separate them, and make these mo- 
tions steadily and not too quickly. Yon thus repeat the 
motions of the prongs of the fork. While vibrating the 
bands observe attentively the flames of the candles. When 
the hands are coming nearer each other, the air is forced 



out from between them, and a pnS of air is driven i^inst 
the flame A, as is shown by its bending away from the 
hands. But, during the above movement, the backs of the 
hands have drawn the flames toward them, as shown in 
Fig. 38. When the hands are separating, the air rushes 
in between them, and the flame A is drawn toward the 
hands by this motion of the air, while at the same time 
the flames at B and C are driven away from the backs of 
the hands. From this experiment it is seen that the space 



100 



SOUND. 



between the prongs and the faces of the prongs of a fork 
are, at the same instant, always acting oppositely on the air. 
This will be made clearer by the study of the dia- 
gram, Fig. 39. 




Fig. 89. 



This figure supposes the student looking down on the 
tops of the prongs of the fork. Imagine the prongs 
swinging away from each other in their vibration. Then 
the action of the faces c and c on the air is to condense it, 
and this condensation tends to spread all around the fork. 
But, by the same movement, the space r r between the 
prongs is enlarged, and hence a rarefaction is made there. 
This rarefaction also spreads all around the fork. But, 
as the condensations produced at c and c and the rarefac- 
tions at r and r spread with the same velocity, it follows 



INTERFERENCE OF SONOROUS VIBRATIONS. 101 

that they must meet along the dotted lines q^ q^ q, q^ 
drawn from the edges of the fork outward. Tlie full 
i-oircle lines around the fork in Fig. 39 represent the 
middle of the condensed shells of air, while the broken 
^-circle lines stand for the middle of the rarefied shells 
of air. 

Now what must happen along these dotted lines, or, 
rather, surfaces? Evidently there is a struggle here 
between the condensations and the rarefactions. The 
former tend to make the molecules of air go nearer 
together, the latter try to separate them; but, as these 
actions are equal, and as the air is pulled in opposite 
directions at the same time, it remains at rest— does not 
vibrate. Therefore, along the surfaces q^ q, q, q, there is 
silence. When the prongs vibrate toward each other they 
make the reverde actions on the air ; that is, rarefactions 
are now sent out from c and c, while condensations are 
sent from r and r, but the same effect of silence along 
q^ q, q, q is produced. 

ExPEBiMENT 62. — ^That this is so, is readily proved by 
the following simple experiment. Vibrate the fork and 
hold it upright near the ear. Now slowly turn it round. 
During one revolution of the fork on its foot, you will 
perceive that the sound goes through four changes. Four 
times it was loud, and four times it was almost if not 
quite gone. Twirl the fork before the ear of a compan- 
ion ; he will tell you when it makes the loudest sound, 
and when it becomes silent. You will find that when it 
is loudest the faces c, c of the prongs, or the spaces r, r 
between them, are facing his ear ; and when he tells 
you that there is silence you will find that the edges 
of the fork, that is, the planes q^ q, q^ q, are toward 
his ear. 
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AN EXPERIMENT IN WHICH INTERFERENCE OF SOUND IS 
SHOWN BY ROTATING A VIBRATING FORK OVER THE 
MOUTH OF A BOTTLE RESOUNDING TO THE NOTE OF 
THE FORK. 

Experiment 63. — Get a bottle, like one of those shown 
in Fig. 40, holding about 5 fluid ounces when filled to its 
brim. Its mouth should measure 1 inch (25 millimetres) 
in diameter. Cut a piece of glass 1^ inch long and 1 inch 
iv^ide, and slide this over the mouth of the bottle while 
the vibrating A-fork is held over it. Fix the piece of 
glass with wax at the place whete it makes the air in the 
bottle resound the loudest {see Fig. 40). 

Again vibrate the fork, and holding it horizontally 
twirl it slowly over the partly closed bottle, just as we 
twirled it before the ear. You will find that whenever 
the comers of the fork have come opposite the mouth of 
the bottle the sound will have faded away to silence. In 
this position of the fork, one of the planes q, q, q, or q, of 
Fig. 39, goes* directly down to the mouth of* the bottle, 
and therefore there enter the bottle, side by side, at the 
same time, a condensation and a rarefaction. Hence the 
air in the bottle is acted on by two equal and opposed ac- 
tions ; it cannot vibrate to the fork, and we have rest 
and silence. The above experiment, and the following 
one, may be made as well with the tuned tumblers of 
Experiment 43 as with the bottles. 

EXPERIMENT^ IN WHICH INTERFERENCE OF SOUND IS OB- 
TAINED WITH A FORK AND TWO BOTTLES. 

ExPEBiMENT 64. — Fig. 40 represents two glass bottles, 
of equal size, and each tuned as described in Experiment 
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63. Set one bottle upright, and with two bits of wax 
hold the other horizontally on some books, with the mouths 
of the bottles nearly tonching, aa shown in Fig. 40. 

Make the fork vibrate, and, holding it horizontally, 
bring it down so that the space between the prongs will 
be opposite the month of the upright bottle, as shown in 



Fig. 40. As it descends, you will observe that the soand 
first increases, and then suddenly fades away or entirely 
disappears. You can raise the fork and hear it still sound- 
ing, BO that yon may be sure it has not stopped, and yet, 
in a certain position between the two bottles, the Bound u 
nearly if not wholly lost. 
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In this experiment, you will observe that while the face 
of one of the prongs is opposite the mouth of one bottle 
the space between the prongs is opposite the mouth of the 
other bottle. Therefore, while one bottle receives a con- 
densation the other receives a rarefaction. Thus opposed 
vibratory motions issue from the mouths of the bottles, 
and they neutralize each other's action on the outside air. 
Hence silence is observed when the fork is in such posi- 
tion that the condensation or rarefaction which comes out 
of one bottle exactly equals in power the rarefaction or 
condensation which comes out of the other bottle. 

You know that the air is really resounding in the bot- 
tles, even when silence is outside of them, by the follow- 
ing simple experiments : 

ExPEBiMENT 65. — Slip a piece of cardboard over the 
mouth of one of the bottles, and at once the other bottle 
resounds to the fork and sings out loudly. The balance 
is thus broken and sound is heard. 

ExPEBiMENT 66. — ^A piece of tissue-paper will pro- 
duce another effect, because it is thin and only partly cuts 
off the vibrations, and the result is a feeble sound ; partly 
ail interference and partly a free action of the condensa- 
tions and rarefactions, half silence, half sound. 

EXPERIMENT SHOWING BEFLECXION OF SOUND FROM A 

FLAT GAS-FLAME. 

ExPEBiMENT 67. — By a little care you can even slide 
the flat flame of a fish-tail gas-jet before the mouth of the 
horizontal bottle, and thus make a flame act as a guard to 
stop the vibrations from entering the bottle. 

When two sonorous vibrations meet and make silence, 
they are said to " interfere." The experiments just made 
are experiments in the interference of sound. 
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EXPERIMENTS IN WHICH, BY THE AID OF A PAPER CONE 
AND A RUBBER TUBE, WE FIND OUT THE MANNER IN 
WHICH A DISK VIBRATES. 

• 

In describing Experiments 27, 28, 29, and 30, we stated 
that a vibrating disk always divided itself into an even 
number of sectors. This fact was explained by the state- 
ment that the adjoining vibrating sectors of the disk were 
always moving in opposite directions. The truth of this 
statement will be manifest on making the following ex- 
periments, which can only be explained by the fact that 
adjoining sectors, at the same instant, are always in oppo- 
site phases of vibration. These experiments will also 
afford beautiful illustrations of the interference of sono- 
rous vibrations. 

Take a piece of cardboard and roll it into a cone about 
10 inches long. The small end of the cone should have in 
it an opening of such a size that the cone will fit into the 
rubber tube used in Experiment 32. If a brass disk of 6 
inches in diameter is used in the experiments, the mouth 
of the cone should be 2^ inches in diameter. 

ExPEBiMENT 68. — ^Make the plate vibrate with four 
sectors as in A, Fig. 23. Close one ear with soft wax ; into 
the other put the end of the rubber tube ; then place the 
centre of the mouth of the cone exactly over the centre of 
the plate with the cone quite close to its surface. In this 
position (which we will call No. 1, for future reference) no 
sound is perceived, or at least only a ve^ faint one. This 
is so, because in this position of the cone it always receives, 
at the same instant, from the vibrating disk, four equal 
sound-pulses ; and as two of these are condensations, and 
two are rarefactions, they mutually neutralize each other, 
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and the drum-skin of the ear remains at rest and no sound 
is perceived. 

ExPEBiMENT 69. — ^No.w move the mouth of the cone 
along the middle of a vibrating iseetor toward the edge 
of the disk. As the cone progresses the sound grows 
louder till it reaches its maximum when the edge of the 
cone reaches the edge of the disk. In this position (No. 
2) the cone receives from the disk only regular sonorous 
vibrations, one condensation or one rarefaction alone enter- 
ing the disk at a time. 

ExPEBiMENT 70. — Slowly move the cone along the 
circumference of the vibrating disk, keeping the edge of 
its mouth close to the border of the disk. The sound at 
once begins to diminish in intensity, until the circle of the 
mouth of the cone in its progress is divided into two 
semicircles by a nodal line. No sound is now perceived, 
because in this position (No. 3) a condensation and a rare- 
faction enter the ear together, for on the opposite sides of 
a nodal line the plate has always opposite directions of 
motion. 



EXPERIMENTS WITH BEATING SOUNDS. 

« 

ExPBEiMENT 71. — ^In purchasing the two A-forks, you 
took special pains to get two which were tuned accurately 
to unison; otherwise they are of no value for our experi- 
ments. Take one of these in each hand and make them 
sound together. Hold them near each other close to the 
ear, and you will observe that while both sound there ap- 
pears to be but one note. The two sounds blend together 
perfectly, so that we cannot distinguish one from the 
other. Having tried this thoroughly, place a bit of wax 
on the end of one of the forks, and then make them sound 
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while each is held upright on its resonant box {see Experi^ 
ment 41). At once you hear something unusual : little 
bursts of sounds, followed by sudden weakenings and loss 
of power, as if the forks sang forte and then piano alter- 
nately. These singular quivering changes in the tone of 
the two forks, when sounded together, are called " becUs.^^ 
The sound seems to beat with a pulse-like motion at regu- 
lar intervals. Take off the wax and the beats disappear, 
and the two forks sound together like one instrument. 

Experiment 72. — ^Put on a larger or smaller piece of 
wax and the beats change their character, coming faster 
or slower each time the amount of wax is changed. 

These experiments succeed admirably by using the 
tumblers of Experiment 43, or the resonant bottles of Ex- 
periments 63, 64, in place of the resonant boxes. The 
tuniblers or bottles should be carefully tuned, one to the 
loaded, the other to the unloaded fork. 

To understand these singular beats, you must remem- 
ber that each fork sends out sonorous waves, or alternate 
condensations and rarefactions, through the air. When 
the forks are sounded together (without the wax), each 
sends out the same number of waves in a second, and 
these travel out together, the condensations and rarefac- 
tions of each moving side by side, Mid reaching the ear 
at the same time. 

When we loaded one fork with wax we caused it to 
move slower. The processions of waves streaming out 
from each may start together, but they do not keep to- 
gether ; as the loaded fork is going slower its waves of 
sound are longer and drag behind. The condensations 
and rarefactions no longer travel side by side. A con- 
densation from one fork arrives at the ear at the same 
time that a rarefaction arrives from the other. Thus 
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they interfere and destroy each other, and the interfer- 
ence makes silence, just as we discovered in our last ex- 
periments. The condensations and rarefactions from the 
two forks continue to arrive at the ear, and soon two con- 
densations or two rarefactions come aide by side and ar- 
rive at the ear together, and they mutually aid or rein- 
force each other, and there is a sadden burst of sound as 
if the forks were sounding louder. 

The waves of sound continue to move, and one set of 
waves slips past the other, till the condensations of one set 
arrive at the ear alongside of the rarefactions of the other, 
and ag^n there is interference and silence. By such con- 
tinuous actions beats of sound are produced. 



Pig. 41 representa two such series of waves traveling 
aide by side. One series is represented by a full line, the 
other by a dotted one. At A the condensations of one 
series are shown as opposite the rarefactions of the other ; 
but, as the waves represented by the full line are longer 
than those represented by the dotted line, the former pass 
the latter, so that at G the two series act together, and 
we have a beat ; while at a more distant point, S, the 
motions in the waves are opposed, and here there is inter- 
ference and silence. It is evident that the sliding of the 
longer waves past the shorter will cause the waves, meet- 
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ing at B^ alternately to act together and to interfere ; and 
thus the ear, placed at jB, will perceive beats of sound. 

It necessarily follows that, if one fork vibrates 100 
times in a second and the other 101 times, there will be 
one beat in every second. The number of beats made in 
a second is equal to the difference in the number of vibra- 
tions per second made by the two vibrating bodies. 
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CHAPTER IX. 

ON THE REFLECTION OF SOUND. 

# 

PROFESSOR ROOD'S EXPERIMENT, SHOWING THE REFLEC- 
TION OF SOUND. 

Experiment 73. — ^Fig. 42 represents a disk of card- 
board 12 or 14 inches in diameter, and having two sectors 
cut out of it, on opposite sides of its centre. This is 
mounted on the rotator, so that it can be turned round 
quickly. Let some one sit beside the rotator so that 
he Qan turn the handle, and at the same time blow a toy 
trumpet, which I have found to be the best pipe for this 
experiment. Hold the trumpet so that it will be inclined 
^ to the surface of the disk, and with its open end just in 
front of one of the openings, as shown in Fig. 42. While 
the rotating disk is being turned steadily round, and the 
pipe is sounding, go to a distant part of the room, and 
here you will perceive the sound of the pipe changing 
rapidly, alternately growing louder and then softer like 
beats. 

This effect is the result of reflection. When the solid 
part of the disk passes before the pipe the vibrations of 
sound are reflected or echoed from the card. When the 
openings pass before the pipe, part of the vibrations pass 
through the open place and are lost, and the sound to the 
listener appears to lose power. 
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In performing this experiment care must be taken to 
place the disk in such a position that the sound will be 
reflected to the distant listener. As we learned in our ex- 



periments in " Light," there is a law governing reflections. 
We found by our experiments that the angle of reflection 
is always equal to the angle of incidence, and the same 
law holds good in the reflection of sound. 

ExFEBiMEMT 74. — Another experiment in the reflec- 
tion of sound may be made with a common palm-leaf fan. 
Let some one sound the tnmipet at one end of a room, 
while you hold the fan upright beside one ear. While 
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the trumpet is sounding, twirl the fan slowly by the han- 
dle, and you will observe a change in the sound. In cer- 
tain positions of the fan the trumpet will sound louder, 
and in other positions it will be softened. If you do not 
obtain this effect at once, try the fan in several positions 
as it stands upright, and, after a few trials, you will ob- 
tain a reflection of the sound from the surface of the fan. 
The sound of a locust on a warm day, or the beating of 
the surf on the shore, or the sound of a distant voice, may 
thus be caught on the fan and reflected into the ear. 

Echoes are also reflections. The vibrations travel 
through the air and meet a building, then the side of a 
mountain or hill, and rebound or reecho, perhaps many 
times. 

ExPEBiMENT 75. — You cau readily find an echo any- 
where in the country by walking near a bam or house and 
shouting or singing. The first trial may not bring out 
the echo, but, by changing your position, going nearer or 
walking farther away, and always standing squarely in 
front of the bam or other building, you will soon find the 
spot where an echo is heard. We already know that in 
winter, when the thermometer is at 32° Fahr., sound 
moves at the rate of 1,090 feet in a second. If you stand 
at 545 feet from the reflecting wall, and make a short, 
sharp sound, it will take one half second for it to go to the 
wall, and one half second to come back, and there will be 
one second between the sound and its echo. 

In our experiments with the tuning-fork and two bot- 
tles {see Fig. 40), you remember, we put a piece of card- 
board and a flat gas-flame before the mouth of one of the 
bottles. Here, also, we had a reflection of the sound from 
the cardboard, and even from the flame. 
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CHAPTER X. 

ON THE PITCH OF SOUNDS. 

Experiment Y6. — Take one of the A-f orks and the C- 
f ork and stick them in the block of wood side by side, 
with the opposite prongs of the two forks inclined to 
each other, so that by drawing a rod between them they 
will be set vibrating at the same time. Stick a piece of 
copper-foil on the tips of the prongs nearest each other, 
and arrange the smoked glass and its guide as directed in 
Experiment 25. Vibrate the forks by drawing the rod 
between them, and obtain the traces of their vibrations on 
the smoked glass. 

Take the smoked glass and carefully measure off an 
equal spftce on each trace, and then count the vibrations 
inclosed in this space. If the right forks have been se- 
lected it will be found that 17i vibrations of one fork 
cover as much space as 21 vibrations of the other. From 
this you readily see that, in the same time, one forl^ vi- 
brates oftener than the other. Carefully notice which 
fork makes the greater number of vibrations. Bring one 
vibrating fork to the ear, and then the other, and you will 
observe that the C-fork gives a higher note than the A. 
The C-fork makes the greater number of vibrations (21) 
in a given length on the trace, and the A-f ork makes the 
smaller number (17J) in the same length. We are con- 



114 SOUND. 

vinced by this experiment that a fork giving a high note 
vibrates of tener in a second than a fork giving a lower 
note. Experiments on all kinds of vibrating bodies — 
solids, liquids, and gases — have proved that the pitch of a 
sounding body rises with the increase in the number of 
its vibrations in a second. This fact may be stated thus : 
The pitch rises with the frequency of the vibrations. 
From the above fact it follows that the pitch of a sound 
rises with an increase in the number of sonorous waves 
that reach the ear in a second. 

EXPERIMENTS WITH THE SIREN. 

Fig. 43 shows an instrument called a siren. I will 
show you how to make several instructive and curious 
experiments with it. First, you will find out the number 
of vibrations made in a second by a sounding body like 
one of your tuning-forks ; and, having found out this, 
you will use the fork to determine for yourself the veloc- 
ity of sound. The siren will also tell you this important 
fact : That the numbers of vibrations per second which 
give the various notes of the gamut, or musical scale, bear 
to each other fixed numerical relations. 

To make the siren, get a piece of cardboard, or mill- 
board, and draw on it with a pair of dividers a circle 
8^ inches (21.6 centimetres) in diameter ; then cut this 
circle out of the cardboard. Now draw four circles, the 
inner one with the legs of the dividers opened to 2J inches 
(5.73 centimetres), the next with a radius of 2f inches 
(6.99 centimetres), the third with 3J inches (8.26 centi- 
metres), and the fourth with 3 J inches (9.53 centimetres). 
Divide the circumference of the outer circle into 24 equal 
parts, and to each of these points of division draw a line 
from the centre, as shown in Fig. 44. Divide the spaces 
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on tbe outer circle in halves ; this will give 48 points oq 
this circle. At each of these points cut a hole of about 



1^ inch (5 millimetres) in diameter with a punelt. Tlieii 
punch holes at the 34 points on the inner circle. 

The student, on looking at Fig, 4, will see that, on 
the radii marked 1, 3, 3, 4, 5, and 6, the boles are all in a 
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line. These holes, thus in line, divide the circle into six 
equal parts. Divide each of these sixths on the second cir- 
cle into five equal parts, and each sixth on the third circle 
into six equal parts, and through each of these points of 
division cut a hole with the punch. By following these 
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directions you will have made on the inner circle 24 
holes, on the second 30, on the third 36, and on the fourth 
48 holes. 

Now cut a hole in the centre of the disk, so that it 
neatly fits on the screw of the small pulley of the rotator 
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shown in Fig. 43. Then put into a piece of India-rubber 
tube a glass tube having its interior about the diameter 
of the holes in the card disk. "We are now ready for our 
experiments. 

ExPEEiMENT 77. — Rotate the disk slowly, and, placing 
the glass tube before a ring of holes, blow through the 
tube. You will observe that whenever a hole comes be- 
fore the tube a puff of air goes through the disk. If the 
disk is revolved faster the puffs become more frequent, 
and soon, on increasing the velocity of the disk, they blend 
into a sound. Not very pure, it is true ; but yet, in the 
midst of the whizzing, your ear will detect a smooth note. 
Fixing your attention on this note, while the rotator is 
urged with gradually increasing velocity, you will hear 
the note gradually rising in pitch. This again shows us 
that the pitch of a sound rises with the frequency of the 
vibrations causing it. 

Two bodies make the same number of vibrations in a 
second when they give forth sounds of the same pitch. 
Therefore, if we can measure how many vibrations the 
disk makes in a second while it gives the exact sound of 
one of the forks, we will have measured the number of 
vibrations which the fork makes in a second. If we count 
with our watch the number of turns the crank O makes in 
one minute, we can from this knowledge calculate the 
number of puffs or vibrations the disk makes in one sec- 
ond, as follows : One revolution of the crank of the rota- 
tor makes the disk go round exactly five times. Now, 
suppose that the tube is before the third circle, having 36 
holes, and that in one minute the crank O turns round 
100 times. Then in one minute the disk turned 5 times 
100 times, which is 500 times. But for each turn of the 
disk 36 puffs or vibrations were made on the air ; there- 
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fore, 36 times 600, or 18,000, puffs or vibrations were 
made by the disk in one minute, and ^ of 18,000, or 300, 
in one second. 

But it is difficult to know just when the disk gives the 
same sbund as the fork, and it is yet more difficult to keep 
the disk moving so that it holds this sound, even for a few 
seconds. To do this, very expensive apparatus has here- 
tofore always been needed. But I did not wish to ban- 
ish from our book such an important experiment, so I 
found out a cheap and simple way of doing it, which I 
will show you. 

4 

EXPERIMENT WITH THE SIREN, IN WHICH IS FOUND THE 
NUMBER OF VIBRATIONS MADE BY A TUNING-FORK IN 
ONE SECOND. 

Experiment 78. — Get a glass tube (the same we used 
in the experiment on page 50 of " Light ") f inch (19 milli- 
metres) in diameter and 12 inches (30.6 centimetres) long, 
and a cork 1 inch thick, which slides neatly in the tube. 
Put the cork into one end of the tube, and holding a stick 
upright press the cork down on it. The fork is now vi- 
brated and held over the open end of the tube, while the 
cork is forced up the tube with the stick till the column 
of air in the tube is brought into tune with the fork. 
This you will know by the tube sending out a loud sound. 
Try this several times till you are sure of the exact place 
where the cork should be to make the tube give the loud- 
est sound. 

Now lay the fork aside, and with small pieces of wax 
stick the tube on the top of a block, or on a pile of books, 
with its mouth close to the disk and facing one of the 
circles of holes, as shown in Fig; 43, On the other side 
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of the disk, and just opposite the mouth of the resonant 
tube, hold the small tube through which you blow the air. 

Turn the crank at first slowly, then gradually faster 
and faster. Soon a sound comes from the tube. This 
gets louder and louder ; then, after the disk has gained a 
certain speed, the sound grows fainter and fainter, till no 
sound at all comes from the tube. 

When the sound from the tube was the loudest, the 
disk was sending into the tube the same number of vi- 
brations in a second as the fork makes ; for the tube was 
tuned to the fork, and can only resound loudly when it 
receives from the disk of the siren the same number of 
vibrations in a second as the fork gives. 

It is, then, quite clear that, to find out the number of 
vibrations per second given by the fork, we first have to 
bring the disk to the velocity that makes the tube sound 
the loudest, and then to use this sound as a guide to the 
hand in turning the crank of the rotator. Practice will 
soon teach the hand to obey the check given by the ear ; 
and if the student have patience, he will be rewarded when 
he finds that he can keep the tube sounding out loudly 
and evenly for 20 or 30 seconds. Then we count the 
number of turns made by the crank-handle G of the rota- 
tor in 20 or 30 seconds of the watch. If we have suc- 
ceeded in this, we can at once calculate the number of 
vibrations the fork makes in one second. 

The following will show how this calculation is made : 

Experiment 79. — The cork was pushed to that place 
which made the air in the tube resound the loudest to the 
A-fork. The tube was then placed facing the X5ircle of 36 
holes. After we had succeeded in making the tube re- 
sound loudly and evenly to the turning disk, I counted the 
number of turns I gave to the handle (7 in 20 seconds, 
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and I found this number to be 49. For one revolution of 
the handle (7, the disk makes exactly five. Hence 5 times 
49, or 245, is the number of turns the disk made in 20 sec- 
onds. But in one turn of the disk 36 puffs or. vibrations 
entered the tube ; therefore, 245 times 36, or 8,820, is the 
number of vibrations that went into the tube in 20 sec- 
onds ; and -^ of 8,820,. or 441, is the number of vibra- 
tions which entered the tube in one second. 

The experiment, therefore, shows that the tube resounds 
the loudest when 441 vibrations enter it in one second. 
But the tube also resounded its loudest when the vibrating 
A-fork was placed over it. Hence the A-fork makes 441 
vibrations in one second. 

ExpEEiMEKT 80. — ^Let the student now try to find out 
by a like experiment the number of vibrations made by 
the C-f ork in one second. Repeat these trials many times 
till numbers are found which do not differ much from one 
another. 

FINDING THE VELOCITY OF SOUND BY AN EXPERIMENT 
WITH THE TUNING-FORK AND THE RESONANT TUBE. 

ExpKEiMENT 81. — Our experiment (78) with the glass 
tube has taught us that the tube must have a certain depth 
of air in it to resound loudly to the A-fork. Let us meas- 
ure this depth. We find it to be 7f inches (19.47 centi- 
metres) when the air has a temperature of 68° Fahr. 

From this measure, and from the knowledge that the 
A-fork makes 441 vibrations in one second, we can com- 
pute the velocity of sound in air. 

It is evident that the prong of the fork over the mouth 
of the tube, and the air at the mouth of the tube, must 
swing to and fro together, jotherwise there will be a strug- 
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gle and interference between these vibrations, and then 
the air in the tube cannot possibly co-vibrate and strengthen 
the sound given by the fork. 

"We have already learned that the prong of the fork 
in going from a to by Fig. 45, makes one half wave-length 
in the air before it. This may be represented by the 
curve bed above the line b d. Now the tube T must be 
as long as from ^ to c, or one-quarter of a wave-length ; 
so that, by the time the prong of the fork has gone from 
a to by and is just beginning its back-swing from b to a, 
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the half -wave bed has just had time to go to the bottom 
of the tube T, to be reflected back, and to reach the prong 
b at the very moment it begins its back-swing. If it does 
this, then the end of this reflected wave (shown by the 
dotted curve in the tube T) moves backward with the 
back-swing of the prong b, and thus the air at the mouth 
of the tube and the prong of the fork swing together, and 
the sound given by the fork is greatly strengthened. 

If the depth of the quarter of the wave made by the 
A-fork is 7f inches (19.47 centimetres), the whole wave is 
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30.64 inches, or 2.65 feet (77.88 centimetres). But we 
have already learned that, when the A-f ork has vibrated 
for one second, it has spread 441 sonorous waves all 
around it. As one wave extends 2.55 feet (77.88 centi- 
metres) from the fork, 441 waves will extend 441 times 
2.55 feet (77.88 centimetres), or 1,124 feet (342.6 metres). 
This is the distance the vibrations from the A-f ork have 
gone in one second. In other words, this is the velocity 
of sound in air at 68° Fahr., as found out by the fork and 
resonant tube. 

Thus we find that the most modest apparatus, when 
used with patience and thoughtf ulness, can solve problems 
which, at first sight, may appear far beyond our power. 
The cardboard siren, the little tuning-fork, and the glass 
tube have measured the number of vibrations of the fork 
and the velocity of sound. 

Experiment 82. — In a similar manner let the student 
determine the number of vibrations of the C-fork, and 
then with it and the resonant tube let him measure the 
velocity of sound, and compare this result with that found 
with the A-f ork. 

THE NUMBER OP VIBRATIONS PER SECOND, GIVEN BY RES- 
ONANT TUBES AND ORGAN-PIPES, IS INVERSELY AS 
THEIR LENGTHS. 

If the number of vibrations per second of the fork be 
doubled, the sonorous waves which it makes will be short- 
ened one-half ; hence the resonant tube must be shortened 
one-half in order to resound to the fork. If the num- 
ber of vibrations of the fork are half as frequent, it will 
make sonorous waves twice as long ; hence the tube to re- 
sound to this fork must be doubled in length* These facts 
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are stated in the following law : The lengths of resonant 
tubes are inversely as the numbers of the vibrations to 
which they resound. 

But organ-pipes are merely resonant tubes whose col- 
umns of air, instead of being vibrated by a tuning-fork, 
are vibrated by wind passing through a mouth-piece ; 
hence the following/law : The lengths of organ-pipes arc 
inversely as the numbers of vibrations which they give in 
a second. 
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CHAPTER XI. 

ON THE FORMATION OF THE GAMUT. 

EXPERIMENTS WITH THE SIREN, SHOWING HOW THE SOUNDS 

OF THE GAMUT ARE OBTAINED. 

The disk of our siren has four circles of holes. The 
innermost or first circle contains 24 holes, the second 30, 
the third 36, and the fourth or outermost circle has 48 
holes. 

ExpEEiMENT 83. — Turn the handle of the rotator even- 
ly and steadily, and at a moderate speed, and, while 
blowing through the tube, move it quickly from the 
inner ring of holes to the next, then to the next, and 
finally to the outer ring of holes. No experiment yet 
made brings so pleasant a surprise as this one. We 
have already found that the pitch of sound rises with 
the increase in the frequency of the vibrations caus- 
ing it. As the tube moves from the first to the fourth 
circle, more holes successively pass before it in one turn 
of the disk ; therefore the pitch rises suddenly as the tube 
reaches each circle in order. But, more than this, the 
successive sounds evidently have a familiar musical rela- 
tion to each other, and this musical relation is not changed 
by turning the disk more or less rapidly. The pitch of 
the notes is thereby changed, but the same musical rela- 
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tion exists no matter how swiftly the disk turns during 
the experiment. 

Experiment 84. — ^A few trials will convince you that, 
when you sing the notes DO, MI, SOL, DO, you produce 
sounds which follow each other with precisely the same 
musical intervals as when you blow air in order through 
the 24, 30, 36, and 40 holes in the disk. You have reached 
a grand truth lying at the very foundation of music. 
Your experiment tells you that, if four sounds are made 
by vibrations whose numbers per second are as 24 : 30 : 
36 : 48, then these sounds will be those of four notes 
which bear to each other the same musical relation as 
exists among the notes DO, MI, SOL, DO. In other words, 
these four sounds will be the four sounds of what musicians 
call the perfect major chord. 

Examining the numbers 24, 30, 36, and 48, we see that 
each of them may be divided by 6. Doing this, we obtain 
the four numbers 4, 5, 6, and 8. The ratios 4 : 5 : 6 : 8 are 
the same as held among the other numbers, but are simpler 
and easier to remember. Thus the perfect major chord 
will always be produced, if the ratios of the vibrations per 
second of four sounds are as 4 : 5 : 6 : 8. 

Experiment 85. — By blowing first into the i circle of 
24 holes and then into the circle of 48 we hear two notes. 
The second is the octave of the first, and the f ftct is uni- 
versally true that the octave of any sound is obtained by 
doubling the number of its vibrations. 

With our siren we have just found out the relations of 
the numbers of vibrations per second which make the four 
sounds of the perfect major chord. But this simple instru- 
ment has even greater capacity than this. It can give us 
those related numbers of vibrations which form all the 
sounds of the gamut. 
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From the proportion 4:5:6 are derived all the sounds 
of the musical scale. These numbers form the very 
foundations of harmony. They should be engraved on 
the pediment of the temple of music. 

It has been discovered by experiment that the numbers 
of vibrations giving the notes of the gamut, or, more 
properly, the sounds of the natural scale of music, are re- 
lated as is shown in the following proportions : 

(1) 4 : 5 : 6 : : C : E : G. 

(2) 4 : 5 : 6 : : G : B : d. 

(3) 6 : 5 : 4 : : c : A : F. 

Small c and d stand for the notes of the octave above 
C and D. 

To form the gamut from these proportions, we must 
decide on the number of vibrations per second which 
shall give the sound C or DO. Let 264 vibrations per 
second be fixed as giving the C or DO of the octave below 
the treble, or q 

m 



f 



n 



Then Proportion (1) becomes 

C : E : G : : 4 : 6 : 6 : : 264 : 330 : 396. 

Proportion (2) becomes 

G : B : d : : 4 : 6 : 6 : : 396 : 495 : 594. 

Proportion (3) becomes 

c : A : F : : 6 : 5 : 4 : : 528 : 440 : 352. 

Thus, by starting the first number of Proportion (1) 
with C, equal to 264 vibrations, we find that G will be 
given by 396 vibrations. Then starting Proportion (2) 
with G, equal to 396 vibrations, we find that B and the 
octave above D will be given by 495 and 594 vibrations. 
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Therefore D is equal to one-half of 594, or 297. "We start 
Proportion (3) with c, of 528 vibrations, the octave above 
C, and we obtain the numbers of vibrations per second 
which give the sounds A and F. 

We here write in their proper order these notes of the 
gamut, and place under them their numbers of vibra- 
tions. The notes of the gamut are also designated as 1st, 
2d, 3d, 4th, etc.,. so as to indicate what are called inter- 
vals. Thus the 6 forms to the C the interval of the 5th. 
The E is the interval of the 3d to C. 
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3d 
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352 
4th 
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396 

5th 



A 

440 
6th 



B 

495 
7th 



c 

528 
8th. 



An examination of these numbers will show that each 
may be divided by eleven. Doing this, we obtain the fol- 
lowing series of numbers, which gives the relative numbers 
of the vibrations for the notes of the gamut in any octave 
of the musical scale : 

C : D : E : F : G : A : B : c. 

24 : 27 : 30 : 32 : 36 : 40 : 45 : 48. 

ExPEBiMENT 86. — Of the correctness of the above 
mode of forming the gamut, you may convince yourself 
by cutting another disk for the siren having eight in- 
stead of four circles of holes, each circle having, in order, 
these numbers of holes, viz. : 24, 27, 30, 32, 36, 40, 45, 48. 
Turning the disk, by giving to the crank a uniform mo- 
tion of 22 revolutions in 10 seconds, while you succes- 
sively blow into the circles, you will hear in succession 
the eight notes of the gamut of the octave of C, of 264 
vibrations. 
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ExPEBiMENT 87. — Even the disk with four circles of 
holes may be made to give all the notes of the gamut, bat 
only four notes in each experiment. 

You will find on making the calculation that, if you 
turn the handle of the rotator 22 times in 10 seconds, you 
will make the C of Proportion (1) ; 33 turns in 10 seconds 
will give the G of Proportion (2) ; while 29^ turns in 10 
seconds will give the F of Proportion (3). Hence, if you 
blow into the four circles of holes, while the disk has in 
succession these three different velocities, you will succes- 
sively get the numbers of vibrations making the sounds 
of the gamut given in Proportions (1), (2), and (3). 
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CHAPTER Xn. 

EXPERIMENTS WITH THE SONOMETER, OIVINQ THE 
SOUNDS OF THE GAMUT AND THE HARMONICS, 

Fig. 46 represents a wooden box 59 inches (150 centi- 
metres) long, 4f inches (12 centimetres) wide, and 4f 
inches (12 centimetres) deep. The sides are made of oak 
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^ inch (12 millimetres) thick, and the two ends of oak 
1- inch (25 millimetres) thick. These are carefully dove- 
tailed together. In the side-pieces are cut three holes, as 
shown in the figure. There is no bottom to the box, and 
the top is made of a single piece of clear pine | inch (3 
millimetres) thick, and glued on. Two triangular pieces, 
i inch (2 centimetres) high, and glued down to the cover 
of the box, just 47|^ inches (120 centimetres) apart, form 
bridges over which the wires are stretched. There is 
also, as shown at JEy a loose piece of pine 2^ inches (6.35 
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centimetres) wide, | inch (2 centimetres) thick, and about 
4f inches (12 centimetres) long. At a, h are two screw- 
eyes set firmly upright at one end of the box in the oak. 
At Cy d are two piano-string pegs. From these to the 
screw-eyes are stretched two pieces of piano-forte wire 
(No. 14, Poehlemann's patent, Nuremberg). In putting 
on these wires, the ends must be annealed, by making 
them red-hot in a stove, before they are wound round the 
screw-eyes or pegs. Such an instrument is called a so- 
nometer, and will make a useful and entertaining instru- 
nient for our experiments. When it is finished, the wires 
may be drawn up tight by means of a wrench or piano- 
tuner's key, and then we shall find, on pulling the wire 
one side and letting it go, that it gives a clear tone that 
lasts some time. 



EXPERIMENTS WITH THE SONOMETER, GIVING THE SOUNDS 

OF THE GAMUT. 

Experiment 88. — ^Place the sonometer (Fig. 46) in front 
of you, and with a metric measure lay off distances from 
the left-hand bridge to the right, of 60 and 30 centimetres. 
Tighten the wire till it gives, when plucked, a clear musical 
sound, not too high in pitch. Then place the block E 
(Fig. 46) under the wire, with its edge on the line marked 
60 centimetres, and place the end of the finger on the wire 
at this edge of the block. Pluck the wire at the middle 
of this length of 60 centimetres, and listen attentively to 
the pitch of the sound. Then at once remove the block 
and pluck the wire in its middle so that the whole wire 
vibrates. You will perceive that the sound now given 
is like the one given when the half -wire vibrated, only it 
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differs in this, it is the octave below it. With the block 
placed at 30 centimetres, vibrate one-quarter of the length 
of the wire, and you will find that we have the sound 
of the first octave above that made by half the wire, 
and the second octave above the sound given by the 
whole wire. 

Our siren has proved that by doubling the number of 
vibrations the sound rises an octave. Therefore, when a 
wire is shortened one-half it vibrates twice as often, and 
when shortened one-quarter it vibrates four times as often, 
as when its whole length vibrates. This then is the rule, or 
law, which governs the vibrating wire. The force stretch^ 
ing the wire remaining the same, the numbers of vibrations 
of the wire become more frequent directly as its length is 
shortened. Thus, if the wire be shortened ^, J, ^, or ^, 
the number of its vibrations per second will increase 2, 4, 
3, or 9 times. 

Experiment 89. — Knowing this law we can readily 
stretch a wire on the sonometer till it gives say the C of 
264 vibrations per second, and then determine the various 
lengths of this wire which when vibrated will give all the 
notes of the gamut. We have seen that the relative num- 
bers of vibrations which give the sounds of the gamut 
are as follows : 

Notes..... C D EFGABc 

Relative number of vibrations... 24 27 30 32 36 40 45 48 
Lengths of wire (in centimetres). 120 106| 96 90 80 1Z 64 60 

We have seen that, if the whole length of 120 centi- 
metres of wire gives C, then 60 centimetres must give c of 
the octave above, and, as the relative numbers of vibrations 
of G and C are to each other as 36 is to 24, it follows that 
the length of the C-wire must be longer than the G-wire 
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ia the ratio of 36 to 24. Hence tbe p*opQrtioii 36 : 24 
: : 120 : 80 gives 80 centimetres as the length of the G- 
wire. In like manner the lengths of wire which give the 
other sounds of the gamut have been calculated. In the 
third line of the above table we have given these lengths 
in centimetres. Lay off these lengths on the sonometer, 
always measuring from the left-hand bridge toward the 
right, and draw lines across the top of the sonometer 
through these points of division and letter them in order 
D, E, F, G, A, B, c. If you now place the block E (Fig. 
46) successively at these divisions, and vibrate the frac- 
tions of the wire so made, you will obtain in succession 
the notes of the gamut. 



EXPERIMEKTS WITH THE SONOMETER, GIVING THE HAR^ 

MONIO SOUNDS. 

There is another series x>f sounds called the harmonic 
«(m/id!«, in which the relative numbers of the vibrations 
making them are as 1:2:3:4:5:6:7:8:9: 10, etc. 
The law ruling the vibrations of wires and strings teaches 
us that this series of sounds will be given by the sonome- 
ter if we vibrate its wire after it has been successively 
shortened \, |, J, \, \, |, |, ^, ^, etc., of its whole 
length. 

Experiment 90. — ^Again place the sonometer before 
you, and taking the metric measure divide the length of 
the top between the bridges into i, ^, \y ^, ^, \^ ^, ^, ^ of 
120 centimetres. This is done by measuring in order, 
from the left-hand bridge (Fig. 46) toward the right, 60, 
40, 30, 24, 20, 17.14, 15, 13.33, and 12 centimetres. Draw 
lines through these points of division across the top of the 
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sonometer, and number them in order i, ^, J, ^, ^, \, ^, 

Now place the block JS' at each of these lines of divis- 
ion and vibrate the successive fractions of the wire, and 
you will have produced in order the sounds of the har- 
monic series. 

If we make the whole string vibrate the sound 
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of 66 vibrations per second, then the harmonic series 
of this C will be as follows. The numbers of vibra- 
tions are written under the names of the notes. The 
latter are given in letters accented to indicate the 
octaves. 
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2 : 8 
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8 : 9 : 10 



The lowest sound of a harmonic series is called 
by the names of fundamentaly or first harmonic^ or 
prime. The other sounds are known as the 2d, 3d, 
4th, etc., harmonic, or as 1st upper partial tone, 2d 
upper partial tone, etc., or as 1st, 2d, 3d, etc., har- 
monic overtones. 

The harmonics of the wire may be obtained in other 
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ways, making the following series of beautiful experi- 
ments : 



V „, v 
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V 71 V n' ^'' 
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4 



Fig. 47. 

(2), (3), (4), and (5), of Fig. 47, show a wire, A B, which 
has been made to divide itself into 2, 3, 4, and 5 separate 
vibrating parts, lettered v. These vibrating parts, or 
ventres, as they are sometimes called, are separated from 
one another by points marked n, called nodes, where the 
wire is nearly at rest. Adjoining ventres are always vi- 
brating in opposite directions ; that is, while one is going 
up the other will be going down, making a sort of seesaw 
motion around the points n. 

-^s i, 4j h ^^^ h ^^^'y ^^ * ^^^ vibrates 2, 3, 4, 
and 5 times as frequently in a second as the whole 
length of wire, it follows- that (2), of Fig. 47, gives the 
2d harmonic, (3) gives the 3d, (4) the 4th, and (5) the 
5th harmonic. 

Experiment 91. — ^With a violin-bow the wire may be 
divided into as many as ten vibrating ventres, or seg- 
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ments. Place the tip of the finger or the beard of a quill 
successively over the harmonic division lines on the so- 
nometer, at 7i', Fig. 47, and draw the bow across the 
string at v', and the wire will divide itself into vibrating 
parts whose number will equal the number of the har- 
monic sound given by the wire. 

If little paper riders of this form, \, be placed on the 
string at the points n', n, n, n, etc., and t?', v, v, v, etc., 
on vibrating the wirie the riders will remain seated at the 
points n'y n, etc., but those at the points t?', v, etc., will 
be thrown off. 

Soon we shall find these harmonic sounds becoming 
very interesting to us, for they will serve to explain things 
about sounds which, until quite recently, had remained 
unknown. 



PROFESSOR DOLBEAR»S METHOD OF MAKING MELDE'S EX- 
PERIMENTS ON VIBRATING CORDS. 

Experiment 92. — "To one prong of a small pocket 
tuning-fork tie a piece of silk thread, six or eight inches 
long, and to the other end tie a pin-hook, and hang upon 
it a small weight, say a shirt-button. Project this with a 
lens on a screen. First, with the fork held in a horizontal 
position, vibrate the prongs in a vertical plane. The 
string will divide up into segments, all of which can be 
plainly siBen and counted. Second, turn the fork so that 
it vibrates in a horizontal plane. The number of seg- 
ments will be doubled." 

We have found it preferable to use balls of wax in- 
stead of buttons, so that the precise tension of string re-, 
quired in these experiments may be reached by altering' 
the size of the suspended wax. It will be found that the 



136 SOUND. 

number of segments into which the string divides is in- 
versely as the square roots of the weights of the wax 
balls. This fact shows that the frequency of the vibra- 
tions of a string varies inversely as the square root of the 
stretching force applied to it. 
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CHAPTER XIII. 

ON THE INTENSITIES OF SOUNDS. 

EXPERIMENT SHOWING THAT, AS THE SWINGS OF A VI- 
BRATING BODY BECOME LESS, THE SOUND BECOMES 
FEEBLER. 

YouB experiments have shown you that the pitch of a 
sound rises with the frequency of the vibrations. You 
no doubt have observed that sounds may be loud or soft 
without regard to their pitch. Thus, just after we 
have vibrated a tuning-fork, its sound is the loudest, 
then it gradually grows feebler and feebler, and slowly 
dies out. 

SxFiauMENT 93. — ^Let us make an experiment which 
will tell us the cause of this gradual change in the inten- 
sity of its soilnd. 

Vibrate the fork, as diown in Eiqperiment 25, and very 
slowly draw the smoked glass undor the poanted piece of 
foil which is fastened to one of the prongs. As tiie giass 
slowly moves under the vibrating fork you will observe 
that the sound grows feebler and feebler, and at last it 
dies out. 

Take the glass and examine the trace made by the 
vibrating fork. You see that the lamp-black has been 



scraped fi-om the glass in a triangular-ehaped Bpac«, as 
shown in Fig. 48. This shows that, as the sound dimia- 



ished in intensity, the extent of the swings of the fork 
grew less and less. 
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CHAPTER XIV. 

ON CO-VIBRATION. 

EXPERIMENTS WITH TWO TUNING-FORKS. 

ExPEBiMENT 94. — Take the two tuning-forks that we 
used in the erperiments in interference, and holding one 
upright before you make the other vibrate, and then bring 
the two close together, with the surfaces of their prongs 
opposite each other. One is silent and motionless, the 
other is vibrating. Hold them there for a few seconds, 
and then bring the fork that was silent quickly to the ear, 
and you will discover something quite surprising. It is 
not silent, it is sounding faintly. It has not been touched, 
and yet it is vibrating. Why should a fork begin to vi- 
brate merely because a sounding fork is near it ? 

ExPEEiMENT 95. — Get the two wooden boxes or res- 
onators we made for these forks (A-forks) and place 
them on a table with the open ends facing each otherj 
and a few inches apart. Hold one of the forks upright 
on one of the boxes, and then, making the other fork 
sound, place it on the other box. It now sounds clear and 
loud. Stop this vibrating fork by touching it with the 
finger, and the other fork will be heard sounding alone. 
This is certainly a most curious matter. That one fork 
can cause another near it to sound is something that 
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seems nearly impossible, and yet our experiment shows 
that it is so. 



EXPERIMENTS ON THE CO-VIBRATION OF TWO WIRES ON 

THE SONOMETER. 

ExpEBiMENT 96. — Stretch the two wires on the so- 
nometer (Fig. 46) so that they come in tune with each 
other. If you cannot do this, get some one familiar with 
music to help you, and let him bring the two strings into 
unison. When this is done pull one of the strings at the 
centre and let it go and then watch the other string. At 
first it is at rest and silent, but in an instant it too be- 
gins to quiver and sound. You may repeat this several 
times, and each time you will observe the same thing. 
One string sounding near another causes it to soimd also. 

ExPEBiMEKT 97. — ^Loosen the second wire slightly 
and put it out of tune with the first, and the experiment 
fails completely. Take another fork, not in tune with 
the one that sounds, and Experiment 95 will also fail. 
Here we are coming on a fact in this matter that may 
help us out. When the two forks are alike, when the two 
strings of the sonometer are in tune, the sounding fork or 
string makes its neighbor sound with it. 

This remarkable fact, that a vibrating body may cause 
another elastic body in tune with it also to vibrate, is called 
co-vibration ; which means, vibrating with (another body). 

The fork (or string, or any body), in vibrating, gives 
to the molecules of the surrounding air the same number 
of pushes and pulls in one second as the silent fork does 
when it vibrates. 

Suppose that the silent fork receives a feeble push from 
the vibrating air which touches it. The prong of the fork 
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is pressed forward, but through a very minute distance ; 
then it swings back by its own elasticity, but it swings back 
with the air, which" now pulls it. Then, on reaching the 
end of this backward swing, it at once gets another push 
from the air, and this push aids it on its forward swing, 
and makes it swing a very little more than it would have 
done if it had not received this push. Thus the little 
pushes and pulls of the air keep exact time with the tiny 
forward ahd backward swings of the fork, and, as several 
himdred of these pushes and pulls act on the fork in a 
second, they soon get it swinging sufficiently to make it 
act with power enough on the air to give us a sound when: 
the other fork is stopped. 

An exact understanding of how these feeble pushes 
and pulls of the air can set into vibration such a stiff and 
heavy body as a steel fork may be rendered clear by the 
following ; 

EXPERIMENT OF SWINGING A HEAVY COAL-SCUTTLE BY. 
THE FEEBLE PULLS OF A FINE CAMBRIC THREAD. 

ExPEBiMENT 98. — ^Take a very heavy body, like a 
scuttle full of coal, and suspend it by a stout piece of 
twine. Then tie a piece of the finest cambric thread to 
the handle on the back of the scuttle. When the scuttle 
is hanging motionless give the cambric thread a feeble 
pull, being careful not to pull too hard or you will break 
it. Now you will see, by looking sharply, that you have 
set the scuttle swinging, but through a very small dis- 
tance. Again gently pull the thread when the scuttle is 
swinging toward you, and repeat this pull several times, 
always keeping time with the swing of the scuttle. Now 
the scuttle is swinging through an inch or two, and by 



142 SOUND. 

keeping up the pulls you may be able to swing it through 
a foot or more. But if your pulls on the thread are not 
in tune with the swings of the scuttle you will not be able 
to swing it. 

ExPEEiMENT 99. — ^Now that the scuttle is swinging 
through a foot or so, hold the thread fast so that it can- 
not follow the scuttle. It snaps asunder and the scuttle 
goes on its way, as far as you can see, as though it had 
received no check at all on its speed. This is so because 
the strongest pull you can give through the thread to stop 
the scuttle is only a very small part of the force you have 
already given the scuttle by your many small pulls 
through the thread. 

As the many feeble pulls of the delicate thread at 
length made the scuttle swing with great force, so the 
many feeble pushes and pulls of the delicate air brought 
the fork into a state of vibration powerful enough to make 
all the air in the room tremble. 

This co-vibration may be found wherever two bodies 
in tune are placed near each other. Co-vibration explains 
why the tuning-forks sounded so much louder when placed 
on the resonant boxes. The volume of air inside the box 
is in tune with the fork, and it takes up the vibrations 
sent through the box, and, vibrating with the fork, the 
united vibrations make the sound so much the louder. 
The air in the tumbler and bottles of Experiments 43 and 
63, and the air inclosed in glass tubes, as in Experiments 
78 and 81, also move by co-vibration. It is also by the 
co-vibration of resonant pipes that the feeble notes on the 
lips and reeds of organ-pipes are made full and powerful. 
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. CHAPTER XV. 

\ .... 

ON' CHANOES IN THE PITCH OF A VIBRATING BODY 

CAUSED BY ITS MOTION 

EXPERIMENT IN" WHICH THE PITCH OF A WHISTLE IS 
CHANGED BY SWINGING IT ROUND IN A CIRCLE. 

Experiment 100. — Take the piece of rubber tubing 
used in Experiment 32 and fit it over the mouth of the 
whistle used in Experiment 33. Let some one go to the 
end of the room or stand at a distance out-of-doors. Then, 
by the tube, swing the whistle round in a vertical circle, 
and at the same time blow through the tube so that the 
whistle will sound. The observer will see the whistle 
alternately coming toward him and going away from 
him, and with these motions he will hear the pitch of the 
whistle rising and falling. 

In this experiment the sounding body is moving, and 
its movements cause a change in the number of vibrations 
which the ear receives in a given time. When the whistle 
swings toward the observer the sonorous waves are crowd- 
ed together, and they reach the ear in greater number than 
when the whistle is at rest, and the note appears to have 
a higher pitch* On the other hand, when the whistle 
moves away from the observer, its backward movement 
draws out the sonorous waves, and fewer vibrations are 
7 



144 SO0KD. 

given to the ear than when the whistle is at rest. Thus 
we see how the motion of a vibrating body changes the 
pitch of its sound. 

ExpEBiMENT 101. — You must notice the same thing 
on the railway, where the sound of the whistle or bell of 
a moving locomotive appears to change in pitch as the en- 
gine draws swiftly near and then passes quickly away 
from us. 



QUALITY OF SOUNDS. I45 



CHAPTER XVI. 

ON THE QUALITY OF SOUNDS, 

When^ you hear the sound of a violin, flute, clarinet, 
trumpet, piano, or organ, you readily recognize the sound 
of each instrument though it may not be in sight. Some 
one sings or speaks, and another person sings near him or 
after him, and we at once recognize each singer's or speak- 
er's voice ; and if we are familiar with his voice we can 
give his name, even if we do not happen to see him. This 
leads us to think that there must be some other character- 
istic of sounds besides pitch and intensity. 

The flute, the violin, the clarinet, the singer, may 
each give the same note, and with equal power, yet the 
note of each has a character of its own, a peculiar some- 
thing that distinguishes it from the same note given by 
the other instruments or singers. This we call the quality 
of the sound (sometimes called timbre, or character). 
Let us now make some 

EXPERIMENTS ON THE QUALITY OF SOUNDS. 

The experiments now to be made are of a peculiarly 
fascinating character. They will have for their object 
the discovery of what gives to sounds their various quali- 
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ties. These experiments will lead us to the understand- 
ing of some of the laws of music. 

All sounds may be divided into two great divisions. 
They are either simple sounds or compound sounds. 

Experiment 102. — A simple sound is one in which 
the ear cannot distinguish two or more sounds differing 
in pitch. Hold one of your vibrating forks over the res- 
onant tumbler, tuned by partly closing its mouth with 
the glass plate, as shown in Experiment 43. You now are 
listening to a simple sound, a sound in which the ear can 
detect only a sound of one pitch. A wide closed organ-pipe 
also gives a simple sound. AH dimple sounds have necssarily 
the same quality, for they differ only in pitch and intensity. 

A compound sound is a sound formed of two or more 
simpje sounds, all differing in pitch. Such is the sound 
given by a piano-wire. It may surprise you to learn that 
more than one sound is heard when you strike a piano-key 
which can vibrate only one wire. Yet this is so. 

Experiment 103. — Strike the c^'-key of the piano and 
sound your c'^-fork. Though the same note in written 
music stands for each of these sounds, yet your ear at 
once perceives a md,rked difference in them. Now fix 
your attention oh the sound given by the fork alone. Re- 
membering well this sound, strike the c* of the piano. You 
now recognize that the c' of the fork is in the sound of 
the piano c^ ; biit after some practice the ear begins to 
hear other sounds in the piano c'—i'SOunds which are evU 
dently higher in pitch Jhan the pitch of the fork's c". 

Thee'' of the fork is certainly the loudest simple sound 
heard in the piano c", and it is also the gravest ; there- 
fore the comjpound sound given by the piano is given in 
written music by the same note which stands for the c' 
of the fork. 
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But what are the higher sounds mingled with this q" ? 
I will first answer this question in the most general man- 
ner, then you must make for yourself the experiments 
which will answer it better than my words. 

All compound musical sounds are formed of simple 
sounds, and these simple sounds are the soimds of the har- 
monic series. You have already become acquainted with 
these sounds. You know that the relative numbers of the 
vibrations giving them are as 1:2:3:4:5:6, etc. 
The gravest (1) of this series of sounds is called the fun- 
damental. It is also nearly always the loudest, and the 
compound sound is named after it. This is the sound of 
the c^-fork heard in the c'' of the piano. 

If what I have said, is so, then if you strike the C be- 
low the middle C on the piano you will cause other sojmds 
to Come forth at the same time, sounds which are the har- 
monics of C, and are given by the following notes written 
in the treble stave, and numbered % 3, 4, 5, 6, 7, and 8. 
Experiment 104 of the next chapter shows that this is so. 
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CHAPTER XVn. 

ON THE ANALYSIS AND SYNTHESIS OF SOUNDS. 

AN EXPERIMENTAL ANALYSIS OF THE COMPOUND SOUNDS 

OF A PIANO. 

Experiment 104. — Take your seat in front of the 
keys of the piano, and slowly and steadily press down the 
key of the note c', marked 2 in the above notation. The 
damper will lift from off the wire, the hammer will ascend, 
touch the wire, and then fall. Thus this wire is free to 
vibrate. Now strike strongly the fundamental note c, 
marked 1, and, holding it for a few seconds, remove the 
finger. This wire ceases to vibrate, but at once there 
comes to the ear a higher note. It is the sound of the 
free wire of note 2. This experiment shows that the num- 
ber of vibrations which makes the sound of note 2, or c', 
must have been in the sound of note c, or 1, otherwise 
the wire of c' could not have entered into vibration. 
Evidently the wire c' co-vibrated to the simple sound c' 
contained in the compound sound of the fundamental 
note c, or 1. 

Now make similar experiments by depressing in or- 
der the keys of the notes g', c", e^, g^] c'", marked re- 
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spectively 3, 4, 5, 6, and 8. You will discover that the 
wire of each of these notes will co-vibrate to the compound 
sound of c, showing that each of these sounds exists in the 
c of the piano* 

Some of these notes will sound out louder or feebler 
than others, showing that they exist with more or less 
force in the compound sound. This fact proves that the 
quality of a sound does not alone depend on the number 
of the simple harmonic sounds which compose it, but also 
on their relative intensities. It can indeed be shown by 
calculation that, if the compound sound be formed of six 
simple harmonic sounds, you can, by giving to each har- 
monic only two different degrees of intensity, form by 
their various combinations upward of 400 different quali- 
ties of sound ; and with four different degrees of intensity 
allowed to each of the six harmonics their combination 
can produce over 8,000 different qualities of sound. Thus 
you see how varied may be the qualities of sounds even 
when they contain the same simple sounds. 

But the same harmonics do not exist in all compound 
sounds. The flute-sounds may contain two or three har- 
monics. The clarinet-sounds are formed of the funda- 
mental, the 3d, the 5th, and the 7th. The violin-sounds 
contain all the harmonics up to the 7th, and often to the 
10th. The composition of piano-sounds varies with their 
pitch. The deeper tones are rich, but the higher are poor, 
in harmonics. In the lower octaves the 3d harmonics are 
often as loud as the fundamental haimonic, and the 2d 
harmonic is often even louder. Heed organ-pipes are very 
rich in harmonics, often extending. as high as the 20th, 
and readily detected by a practised ear, which can pick 
one after another out of the compound sound, almost to 
the exclusion of hearing the rest* The human voice is 
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rich in harmonics, and varies much in quality, as we all 
know from listening to different singers. The quality 
also varies with the pitch of the notes sung, as will be 
shown by experiments with Konig's vibrating flames. 
{See Experiment 112, and following.) 

EXPERIMENTS IN WHICH WE MAKE COMPOUND SOUNDS 
OF DIFFERENT QUALITIES BY COMBINING VARIOUS SIM^ 
PLE SOUNDS. , 

ExPEBiMENT 105. — The flute-sound may be made by 
combining a simple sound with its octave. The following 
experiment produces it very well : You found that a col- 
umn of air, in a tube, just one-fourth of the length of the 
sonorous wave given by a fork, will strengthen by its co- 
vibration the sound of the fork. If you make the column 
of air in the tube only one-eighth of the length of the 
wave it will resound to the octave of the fork, for columns 
of air in tubes (as shown on page 122) follow the same law 
of vibration as stretched wires and strings ; that is, their 
vibrations increase in frequency directly as the air-column 
is shortened. 

The depth of air-column which resounds to the A-fork: 
is 7f inches (19.47 centimetres). Push the cork np the 
glass tube {see Experiment 78) till you have an air-column 
one-half of this length, or 3.83 inches (9.73 centimetres). 
Now vibrate the fork and bring it over the mouth of the 
tube. A clear flute-like sound comes forth. It is formed 
of the A-note of the fork mingled with its octave given 
by the resonant tube. By properly varying the distance 
of the fork from the tube, and both from the ear, you will 
after a few trials obtain a sound which you can barely 
distinguish from that of a flute. 
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ExPEKjMENT 106. — The sounds of the human voice 
can be formed out of its simple sounds by using the co- 
vibration of the strings of the piano. 

Lift the top of the piano. Strike a key and then sing 
it till you are sure that you have its pitch. Press down 
the pedal so that the dampers are lifted from all of the 
wires, then lean over the wires and clearly and steadily 
sing the note. Stop and listen. The piano answers back, 
and the sound of your voice is heard as though coming 
from a distance. Each string which is in tune to a har- 
monic in your voice co-vibrates with that harmonic^ and 
all of the harmonics of your voice are thus sounded by 
the strings of the piano. The combination of all these co- 
vibrations builds up the quality of your voice and echoes 
it back to you. 

ExPEBiMENT 107. — If you now sing again the 
same note, and press down one after the other the 
keys of its harmonics, as we did in our other experi- 
ment with the piano, you may find out what harmonics 
compose your voice, and get some idea of their rela- 
tive strengths. 

ExPEEiMENT 108. — If a comet, a clarinet, our little 
toy trumpet, or other instrument, be sounded over the 
freed strings of the piano, their sounds will be analyzed 
by the co-vibrations of these strings. Then the sounds 
of the strings melt into one compound sound, which is 
the reproduction of the sound of the instrument which set 
the strings in motion. 

Thus we see that every musical sound, whether from 
voice or instrument, is formed of a fundamental combined 
with a certain number of harmonics. 

Your unpractised ear may not always be able to pick 
them one' by one out of the tangle of sound. Yet there 
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they exist, giving those delicate and ethereal qualities 
which characterize the various sounds of Nature and of 
music. 

HOW THE EAR ANALYZES A COMPOUND SOUND INTO ITS 

SIMPLE SOUNDS. 

The experiments with the piano serve to explain the 
wonderful power of the ear in analyzing compound sounds. 
In the cochlea (snail-shell, C of Fig. 4) of the ear are sup- 
posed to exist co-vibrating fibres which are tuned to sim- 
ple sounds extending over several octaves. To each tuned 
fibre is fastened a fine filament of the auditory nerve. A 
simple sound is only given by a pendular vibration, A 
compound sound is a sensation made by several p^idular 
vibrations of various frequencies entering the ear together. 
If one pendular vibration enters the ear it vibrates the 
nerve-filament fastened to the fibre which is tuned to 
this pendular vibration, and we have the sensation of a 
simple sound. 

But when a compound vibration, made up of several 
simple pendular vibrations, enters the ear, it acts on sev- 
eral tuned fibres, exactly as oui voice, or the sounds of the 
cornet or trumpet, acted on several piano-strings. Each 
fibre in the ear enters into vibration with that pendular 
vibration in the compound sound with which it is in tune. 
Thus the nerve-filaments are shaken which are fastened 
to fibres in the ear tuned to the simple sounds in the 
compound sound, and the sensation of the latter is thus 
analyzed into its simple sound sensations. What we 
have just said suggests at once the question : What sort 
of motion has a molecule of air when it is acted on at 
the same time by several pendular vibrations? This is 
answered by - 
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AN BXPERIMBNT WHICH SHOWS THB MOTION OF A MOLE- 
CULE OF AIR,. OB OF A POINT ON THE DEUM-SKIN OF 
THB EAR, WHEN THESE ARE ACTED ON BY THE COM- 
BINED FENDULAB VIBRATIONS OF THE FIRST SIX HAB- 
MONICa 

"We have seen, in Experiment 11, that the pendu- 
lar motion may be obtained by eliding a card, with 
a slit in it, over the sinusoidal trace of a vibrating 
rod. Imagine a aimilar trace made by a point whose 



motion is formed of the combined vibratory motions of 
the Jirst six harmonics. Such is the trace drawn on the 
line c rf of Fig. 49. 

ExPEBjHENT 109. — K we slide, in the direction cd,& 
card with a slit in it .ovec this trace, you will see in the 
slit the same vibratory motion, .only much slower, that a 
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point of the drum-skin of the ear has when we hear a 
compound sound (like that of the piano- wire) which con- 
tains the first six harmonics. The student of course re- 
members that the direction of the length of the slit is in 
the direction in which the sonorous vibration is traveling 
through the air. 

The curve on cdl obtained as follows : I drew on the 
line a b the six sinusoids, having their lengths as 1 : 2 : 3 : 
4:5:6. Another line, c d, was drawn below and parallel 
to a b, and then 500 equidistant lines, perpendicular to a 6, 
were drawn through the curves onab and extended below 
the line cd. On each of these vertical lines I got the 
algebraic sum (calling the distances above ab + and those 
below cd —) oi the distances of the curves above or below 
cd, and then transferred this sum to the corresponding 
vertical line passing through c d. Through the points thus 
found, above and below cdyl drew the curve which you 
see on c d. 

Experiment 110. — This curious compound sonorous 
motion is best exhibited as follows : On a piece of Qard- 
board draw a circle, and in one quadrant of this circle 
draw 500 equidistant radii. Make the length of these 
radii vary with the corresponding distances of the curve 
(Fig. 49) above and below the line c d. Join the ends of 
these radii with a curve. By repeating this curve four 
times on the cardboard you will have made the curve con- 
tinuous, as is shown in Fig. 50. Now cut this curved fig- 
ure out of the cardboard, and thus form a templet. Place: 
this, centred, on a glass disk of a foot in diameter, cov- 
ered with opaque, black varnish. With the separated . 
points of a pair of spring dividers scribe around the edge 
of the templet, and thus remove the varnish in a sinuous 
band, aQ shown in Fig,, 50. . . . . ., 
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The glass dist is now mounted on tlie rotator, and 
placed between the heliostat and a plano-convex lenB, as 
shown on page 79 in our book on " Light " of this Heries. 
A magnified image of that portion of the curve which is in 
front of the heliostat is tbns obtained on a screen. A 



piece of cardboard, haying a narrow slit cnt m it, is now 
placed close to the disk and in the direction of its radius. 
Revolving the disk you will have on the screen a vibra- 
tory motion like that which a molecule of air, or a point 
on the drum-skin of the ear, has when Uiese are acted on 



156- SOUND. 

by the combined pendular vibrations of the first six har- 
monics of a musical note. 

On slowly rotating the disk one can readily follow the 
compound vibratory motion of the spot of light on the 
screen. On a rapid revolution of the disk the spot ap- 
pears lengthened into a luminous band, but this band is 
not equally illuminated. It has six distinct bright spots 
in it, beautifully showing the six bends in the curve on 
the disk. 

ExPEBiMEXT 111. — ^The student, however, need not 
go to the expense of buying the glass disk. He is able, 
no doubt, to copy on a cardboard the curve, about three 
times as large as Fig. 50, and then, turning it on the ro- 
tator before a slit in a card, he may study at his leisure 
this curious motion. He can even get this motion directly 
from the figure in his book by sticking a pin in the cen- 
tre of Fig. 50, and about this revolving a card with a 
fine slit in it. 



EXPERIMENTS BY WHICH COMPOUND SOUNDS ARE ANA- 
LYZED BY VIEWING IN A ROTATING MIRROR THE VI- 
BRATIONS OF kOnig'S manometric flames. 

Take a piece of pine board, A, Fig. 51, 1 inch (25 mil- 
limetres) thick, Ij^ inch (38 millimetres) wide, and 9 inches 
(22.8 centimetres) long. One inch from its top bore with 
an inch centre-bit a shallow hole ^ inch deep. Bore a like 
shallow hole in the block -B, which is f inch thick, 1^ inch 
wide, and 2 inches (51 millimetres) long. Place a ^inch 
centre-bit in the centre of the shallow hole in A and bore 
with it a hole through the wood. Into this fit a glass or 
metal tube, as shown at M Bore a ^^inch (5 millimetres) 
hole obliquely into the shallow hole in J5, and into this fit 
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the glass tube C. Then bore another -j^inch hole directly 
into the shallow hole in S. Pat a glass tube in a gas or 
spirit flame and beat it red-hot at a place about two inches 



from its end. Then draw the tube out at this place into 
a narrow neck. Make a cut with the edge of a file aoroBS 
this narrow neck, and the tube will readily snap asunder 
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at this mark. Then heat a place on the . tube in a flame, 
and here bend it into a right angle, as shown at 7>, Fig. 
61. Now fit this tube into the hole just made, as shown 
at 2>. These tubes may be firmly and tightly fitted by 
wrapping their ends with paper coated with glue before 
they are forced into their holes. 

Get a small piece of the thinnest sheet rubber you can 
find, or a piece of thin linen paper, and, having rubbed 
glue on the board A around the shallow hole, stretch the 
thin rubber, or paper, over this hole and glue it there. 
Then rub glue on the block J^, and place the shallow 
hole in this block directly over the shallow hole in A^ 
and fasten J? to -4 by wrapping twine around these blocks. 
Thus you will have made a little box divided into two com- 
partments by a partition of thin rubber. Fasten the rod A 

m 

to the side of a sm|.ll board, so that it may stand upright. 

Attach a piece of large-sized rubber tube to the glass 
tube ^, and into the other end of the tube stick a cone, 
made by rolling up a piece of cardboard so as to form a 
cone 8 inches long and with a mouth 2 inches (51 milli- 
metres) in diameter. 

Now get a piece of wood 1 foot long, 4 inches 
wide, and ^ inch thick. Out of this cut thq square, 
with the two rods projecting from it, as shown at 
M, The lower of these rods is short, the one above the 
square is long. Cut the end of the shorter rod to a blunt 
point, and with this point make a very shallow pit in the 
piece of flat wood IT for the rod and square to twirl in. 
Glue the piece of wood JTon the end of a brick, X. Get 
two pieces of thin silvered glass, each 4 inches square, 
and, placing one on each side of the square J/^ "fasten theni 
there by winding twine around the top and bottom borders 
of the mirrors. 
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ExPBRiMBJNT 112. — Through a rubber tube lead gas to 
(7. It will go into the left-hand partition of the box and 
will come out at Fy where you will light it. Now place 
the mirror^rod in the shallow pit in Ky and hold the mirror 
upright so that you may see the flame i^ reflected from its 
centre. 

Hold the rod upright and twirl it slowly between the 
thumb and forefinger, which should point downward and 
not horizontally, as shown in the figure. The flame appears 
in the mirror drawn out into a band of light with a smooth 
top-border. While twirling the mirror put the cone to 
your mouth and sing into it. The sonorous Tibrations 
enter the side A of the box, and, striking on the thin rub- 
ber, force this in and out. When it goes in, a puff of gas 
is driven out of the other partition, J5, of the box, and the 
flame F jumps up. When the sheet of rubber vibrates 
outward, it sucks the gas.into the box -B, and the flame F 
jumps down. Therefore, on singing into the funnel, you 
will see in the mirror the smooth top-border of the lumi- 
nous band broken up into little tongues or teeth of flame, 
each tooth standing for one vibration of the voice on the 
rubber partition. 

Place a lamp-chimney around the flame, should the 
wind from the twirling mirror agitate it, and be careful 
not to have the flame too high. 

Experiment 113. — Another way of showing the vi- 
brations of the flame is to bum the jet of gas at the end 
of a glass tube stuck into the end of a rubber tube attached 
to F, Now sling the tube round in a vertical circle, and 
you have an unbroken luminous ring ; but as soon as you 
sing into the cone this ring breaks up into a circle of beads 
of light, or sometimes changes into a wreath of beautiful 
little luminous, flowers, like forget-me-nots. To make 
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this experiment, you will be obliged to have a tube with 
a larger opening than that at F, 

This instrument will afford you many an hour of in- 
struction and amusement. We have only space to show 
you a few experiments. Others will suggest themselves 
whenever you use it. 

ExPEBiMENT 114. — ^Sing into the funnel the sound of 
00 as in pool. After a few trials you will get a pure sim- 
ple sound, and the flame will appear as in Fig. 52. Some 
voices get this figure more readily by singing E. 

ExPEBiMENT 115. — Twirling the mirror with the same 
velocity, gradually lower the pitch of the oo sound till 
your voice falls to its lower octave, when the flame will 
appear as in Fig. 53, with half the number of teeth in Fig. 
52, because the lower octave of a sound is given by half 
the number of vibrations. 

ExPEBiMENT 116, — Sing the vowel sound o on the note 




and you will see Fig. 54 in the mirror. This evidently i* 
not the figure that would have been made by a simple 
vibration. It shows that this o sound is compound, and 
formed of two simple sounds, one the octave of the other. 
The larger teeth are made by every alternate vibration 
of the higher simple sound acting with a vibration of the 
lower, and thus making the flame jump higher by their 
combined action on the membrane, 

ExpEEiMENT 117. — Fig. 55 appears on the mirror when 
we sing the English vowel a on the note f. 

ExPEEiMENT 118. — Fig. 56 appears on the mirror when 
we sing the English vowel a on the note c. 
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Examine attentively Fig. 55. Tiiis shows that the 
English vowel a sang on f is made up of two combined 
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simple vibrations. One of these alone would make the 
long tongues of flame, but with this simple vibration exists 
another of three times its frequency; that is, the vibration 
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of greater frequency is the 3d harmonic of the slower. 
As the dower vibration, making the long tongues of flame^ 
is f, the higher must be c^ of the second octave above f . 
Each third vibration of this higher harmonic coincides 
with each vibration of f ; hence each third tongue of flame 
is higher than the others. 

ExPEEiMENT 119. — ^In like manner the student must 
analyze Fig. 56 into its simple sonorous elements. Then 
he should, with the vibrating flame, examine the peculiari- 
ties of the various voices of his friends, and make neat 
and accurate drawings of the flames corresponding to 
them, so that he may analyze them at his leisure. 

Experiment 120. — Blow your toy trumpet into the 
paper cone gently, and then strongly, and observe that 
the sound given by the trumpet is a complex one. Try 
if you cannot get a flame somewhat like the trumpet gives 
by singing aA, through your nose, into the cone. 

ITie student will soon find that different persons, in 
singing the same note, as nearly alike as they can, will pro- 
duce flames of very different forms. This is because the 
voices differ in the number and relative intensities of the 
simple sounds which form them. 

Another cause of the different forms of flame obtained 
by different experimenters is due to the fact that they have 
used different lengths of tube leading from the cone to the 
membrane ; for the character of the vibratory motion of 
the membrane changes with a change of the distance of 
the source of the compound sound from the membrane. 
If the voice should be formed of six harmonics, as is repre- 
sented by Fig. 49, and if all of these harmonics began 
their vibrations at the same instant at the point of origin 
of the sound, then, if you should remove this point of 
origin of the sound from the membrane by one-quarter 
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of the* wave-lengtli of the 1st or gravest harmonic, the 
2d, 3d, 4th, 5th, and 6th harmonic waves will, by this mo- 
tion, be respectively removed from the membrane by f , f , 
^, f , and f wave-lengths. These different lengths of waves 
by which the harmonics have been removed from the 
membrane cause their waves to reach the membrane with 
periods of their oscillations differing greatly from what 
they had before the change of the position of the som'ce 
of sound. This fact will be made perfectly clear by an 
examination of the six sinusoids drawn on the line a b of 
Fig. 49. 

ExPEEiMENT 121. — ^The fact can readily be proved 
by singing the same compound sound through different 
lengths of tube leading from the cone G to the mem- 
brane. The student will, for the same reason, find that 
a change in the length of the tube 2>, at whose end the gas 
bums, will likewise alter the form of the vibrating flame. 

The above experiments show that the same sonorous 
sensation may be, and is, produced by an infinite variety 
of compound vibratory motions. 

TERQUEM'S EXPERIMENT, IN WHICH KONIG'S FLAME IS USED 
INSTEAD OF THE EAR (AS IN EXPERIMENTS 68, 69, AND 70), 
AND THUS THE MOTIONS OF A VIBRATING DISK ARE 
MADE VISIBLE. 

The method of analyzing the motions of a vibrating 
plate (as described in Experiments 68, 69, and 70), with 
the paper cone and tube applied to the ear, which has been 
used by us for a long time, has quite recently been adapted 
to M. Konig's flame by Professor Terquem, of Lille, who 
has thus made these motions visible to the student, and 
has given us a charming experiment. 
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ExPEBiMENT 122. — If the rubber tube used in con- 
nection with the cone in Experiments 68, 69, and 70, is 
attached to the tube E of Fig. 51, instead of being placed 
in the ear, then K^nig's flame will remain at rest when the 
cone is in position No. 1 of Experiment 68, or in position 
No. 3 of Experiment 70. In these positions of the cone 
you found that no sound was heard. But, when the 
mouth of the cone is placed in position No. 2 of Experi- 
ment 69, the flame becomes deeply serrated; and you 
found in Experiment 69 that in this position an intense 
sound was heard. 
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CHAPTER XVni. 

ON HOW WM SPEAK, AND ON THE TALKING MACAlNEa 

OF FABER AND EDISON 

HOW WE SPEAK. 

The little musical instrument with which we sing and 
speak is formed of two flexible membranes stretched side 
by side across a short tubular box placed on the top of the 
windpipe. This box is made of plates of cartilage, mov- 
able on each other, and bound together with muscles and 
membranes. 

The top of the windpipe is formed of a large ring of 
cartilage, called the cricoid (ring-shaped) cartilage. Joint- 
ed to this is a broad plate of gristle, called the thyroid 
(shield-shaped) cartilage. This cartilage is bent into the 
shape of a V. The legs of this V straddle the cricoid 
and are jointed to its outer sides. The peak of the V 
stands up and points toward the front of your throat. 
You can feel it, as it is the "Adam's apple." On the back 
of the upper edge of the cricoid ring are jointed two 
small pointed cartilages, known as the arytenoid (funnel- 
shaped) cartilages. Stretching from these to the inner 
sides of the legs of the V of the thyroid are two mem- 
branes, one to each leg. These are the vocal chords. 

When the point of the thyroid is not pulled down> 
these membranes are lax, and the breath from the wind- 



pipe passes freely between them and does not make them 
vibrate. {See B ot Fig. 67.) 
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But when the peak of the thyroid is pulled down by 
its mnsoles the vocal cords are stretched. At the same 
time the arytenoid cartilages move nearer each other, and 
the thin, sharply cut edges of the vocal chords are bronght 
p&rallel and quite close to each other, as is shown in A of 
Fig. 57. If the air is now forced through this narrow 
slit (called the glottis), the vocal chords vibrato just like 
the tongue in our toy trumpet, or like the reed in any 
reed-pipe. A puff of air passes between them ; tbey sep- 
arate ; immediately afterward they come close together 
and the current of air is stopped. They again open, 
another puff goes into the cavity of the mouth, and then 
they close together again. Thus the glottis opens and 
closes with a frequency depending on the degree of stretch 
on the vocal chords. 
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Our experiments with K5nig's flame have shown how 
composite are the sounds of the human voice. The quality 
of a voice depends on the number and relative intensities 
of the simple sounds which build it up. 

Speech is voice modified and modulated by the move- 
ments of the parts of the cavity of the mouth, of the 
tongue and lips. 

The oral cavity is made larger or smaller, longer, or 
shorter, and thus, resounding to some lower or higher har- 
monic of the voice, makes the others feebly heard. 

ExPEEiMENT 123.— If you form your speaking organs 
to say o, and then take your vibrating A-f ork and hold it 
before your lips, you will hear the cavity of the mouth re- 
sounding to this sound. On changing the vocal organs to 
say e the resonance ceases. 

^ All the vowel sounds are formed by a steady voice 
modified by the resonance of the different sizes and shapes 
given to the oral cavity. 

The consonants are made by obstructions placed at the 
beginning or end of the oral sounds, by the movements of 
the tongue and lips ; but, as this is a book of experiments, 
I leave you to inform yourself by experiments as to these 
matters. 



EXPERIMENTS IN WHICH A TOY TRUMPET TALKS AND A 

SPEAKING MACHINE IS MADE. 

ExPEBiMENt 124. — Sing ah, and while doing so 
quickly open and shut -your lips twice. These two sud- 
den obstructions to the sound have made you say mama. 
If you will observe attentively the motion of your mouth 

you will see that for the last syllable of mama you open 
8 



your mouth wider and keep it open longer than for the 
fii-at syllable. 

ExpBBiuEXT 125. — This is all we have to know to 
make our toy trumpet talk. You already have seen that 
its Bounda, like those of the human voice, are made by 
puffs of air. These pass the reed every time it goes above 
or below the oblong hole in the plate in which it vibrates. 
Yo.ur experiments with KOnig's flame have told you that 
the sounds of the voice and. trumpet are similar — that 
both are highly composite. 



Let, then, the vibrating reed in the trumpet stand for 
your vocal chords. To get a resonant cavity like the JwojriA, 
make one between your two hands, as shown in A of Fig. 
58. The funnel of the trumpet is placed inside this cavity, 
with the tube coming out in the crotch between the thumb 
and forefinger. The lips we will form of the fingers of 
one hand. By raising these together, more or less, from 
the other hand we can make a larger or smaller open- 
ing into the cavity between the palms of the hands, and 
thus get articulation. 
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Kow blow into the trumpet aa though you were speak- 
ing mama into it, so that you may make it sound twice, 
each sound lasting juet as long as the sounds in m^ and 
ma. While making the first sound, raise the fingers as 
high as is shown in ^ / while making the second, raise 
them aa high as is shown in B. The trumpet talks and 
says mama quite plainly, 

ExPEBiHENT 126. — Let us make a talking machine. 
Get an orange with a thick skin and cut it in halves. 
With a sharp dinner-knife cat and scrape out its soft in- 
side. Tou have thus made two hemispherical cups. Cut 
a small semicircle out of the edge of each cup. Place 
■ these over each other, and you have a hole for the tnhe 
of the trumpet to go out of the orange, Kow sew the 
two cups together, except a length directly opposite the 
trumpet, for here are the Ups. A. peanut makes a good 
enough nose for a bahy, and black beans make "perfectly 
lovely" eyes. Take the baby's cap and place it on the 
orange, and try if you can make it say 



FABER'S TALKING MACHINE. 

These simple experimentH show the principles followed 
in the conatmction of the celebrated talking machine of 
Faher of Vienna. A vibrating ivory reed, of variable 
pitch, forms its vocal chords. There is an oral cavity 
whose size and shape can be rapidly changed by depress- 
ing the keys on a key-board. Rubber tongue and lips 
make the consonants. A little windmill turning in its 
throat rolls the r, and a tube is attached to its nose 
when it speaks French. This is the anatomy of this really 
wonderful piece of mechanism. 



EDISON'S TALKING PHONOGRAPH. 

From the above description it is seen that Faber 
worked at the source of articulate sounds, and built up 
an artificial organ of speech, whose parts, as nearly as 



possible, perform the same functions as corresponding or- 
gans in our vocal apparatus, Faber attacked the problem 
on its physiological side. Quite differently worked Mr. 
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Edison. He attacked the problem, not at the source of 
origin of the vibrations which make articulate speiech, 
but, considering the vibrations as already made, it matters 
not how, he makes these vibrations impress themselves on 
a sheet of metallic foil, and then reproduces from these 
impressions the sonorous vibrations which made them. 

Faber solved the problem of making a machine speak 
by obtaining the mechanical causes of the vibrations 
making voice and speech ; Edison solved it by obtain- 
ing the mechanical effects of these vibrations. Faber re- 
produced the movements of our vocal organs ; Edison re- 
produced the motions which the drum-skin of the ear 
has when this organ is acted on by the vibrations caused 
by the movements of the vocal organs. 

Figs. 60 and 61 will render intelligible the construc- 
tion of Mr. Edison's machine. A cylinder, F, turns on 
an axle which passes through the two standards A and 
JB» On one end of this axle is the crank D ; on the 
other, the heavy fly-wheel E. The portion of this axle 
to the right of the cylinder has a screw-thread cut on 
it which, working in a nut in Ay causes the cylinder to 
move laterally when the crank is turned. On the sur- 
face of the cylinder is scored the same thread as on its 
axle. At A (shown in ^ scale in Fig. 61) is a plate of 
iron about yiir i^^^ thick. This plate can be moved 
toward and from the cylinder by pushing in or pulling 
out the lever S G, which turns in a horizontal plane 
around the pin L 

The under surface of this thin iron plate {A, Fig. 61) 
presses against short pieces of rubber tubing, JC and JT, 
which lie between the plate and a spring attached to M 
The end of this spring carries a rounded steel point, P, 
which, when brought up to the cylinder by the motion of 
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the handle S, enters slightly betTreen the threads scored 
on the cylinder C, The distance of this point, P, from 
the cylinder is regulated by a set-screw, S, against which 
abuts the lever H G. Over the iixm plate ^ is a disk of 



vulcanite, S S, with a hole in its centre. The under 
side of this disk nearly touches the plate A. Its upper 
surface is cut into a shallow, funnel-shaped cavity lead- 
ing to the opening in its centre. 
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To operate this maeliine we first neatly coat the cylin- 
der with a sheet of foil ; then we bring the point P to 
bear against this foil, so that, on taming the cylinder, it 
makes a depressed line or furrow where the foil covers 
the space between the threads cut on the surface of the 
cylinder. The mouth is now placed close to the open- 
ing in the vulcanite disk B JB^ and the metal plate is 
talked to, while the cylinder is revolved with a uniform 
motion. 

The thin iron plate A vibrates to the voice, and the 
point P indents the foil, impressing in it the varying num- 
bers, amplitudes, and durations of these vibrations. If the 
vibrations given to the plate A are those of simple sounds, 
then they are of a uniform regular character, and the 
point JP indents regular undulating depressions in the foil. 
If the vibrations are those causing complex and irregular 
sounds (like those of the voice in speaking), then simi- 
larly the depressions made in the foil are complex (like 
the curve of Fig. 49) and irregular. Thus the yielding 
and inelastic foil receives and retains the mechanical im- 
pressions of these vibrations with all of their minute and 
subtile characteristics. 

Our experiment No. 121 has, however, taught us that 
the forms of these impressions will change with every 
change of distance of the place of origin of the com- 
pound sound from the vibrating plate A, even when at 
these various distances the compound sonorous vibrations 
fall on the plate with precisely the same intensity. Hence 
the futility of attempting to read sound-writings. 

The permanent impressions of the vibrations of the 
voice are now made. It remains to show how the opera- 
tion just described may be reversed, and thus to obtain 
from these impressions the atrial vibrations which made 
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them. Nothing is simpler. The plate -4, with its point jP, 
is moved away from the cylinder by pulling toward you 
the lever H G, Then the motion of the cylinder is re- 
versed till you have brought opposite to the point J? the 
beginning of the series of impressions which it has made 
on the foil. Now bring the point up to the cylinder ; 
place against the vulcanite plate B B ^ large cone of 
paper or of tin to reinforce the sounds, and then steadily 
turn the crank 2>. The elevations and depressions which 
have been made by the point P now pass under this 
point, and in doing so they cause it and the thin iron 
plate to make over again the precise vibrations which 
animated them when they made these impressions under 
the action of the voice. The consequence of this is, 
that the iron plate gives out the vibrations which pre- 
viously fell upon it, and it talks back to you %oha;t you 
said to it. 
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CHAPTER XIX. 

ON HARMONY AND LI8C0RD, A SHORT EXPLANA^ 
TION OF WHY SOME NOTES, WHEN SOUNDED TO- 
GETHER, CAUSE AGREEABLE AND OTHERS DISA- 
GREEABLE SENSATIONS. 

If, toward sunset, you walk on the shady side of a 
picket-fence, flashes of light will enter your eye every time 
you come to an opening between the pales. These flashes, 
coming slowly one after the other, cause a very disagree- 
able sensation in the eye. Similarly, if flashes or pulses 
of sound enter the ear, they cause a disagreeable sensa- 
tion. Such pulses enter the ear when we listen to two 
sounding organ-pipes, ttf o forks, or two wires on the so- 
nometer which are slightly out of tune with each other. 
As you already know {see Experiment 71), these flashes 
or pulses of sound are called heats. You also know that 
the number of these beats made in a second is equal to 
the difference in the numbers of vibrations made in one 
second by the two sounding bodies. Thus, if one sound- 
ing body makes 500 and the other 507 vibrations in a 
second, then 7 beats per second will be heard. 

Experiment 127. — ^With your toy trumpet and the 
disk used in Rood's experiment in the reflection of sound. 
Fig. 42, you can make an excellent experiment, showing 
the effects of beats on your ear, Sound the trumpet^ and 
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gradually increase the velocity of the turning disk. At 
first the beats of sound so caused may be separately dis- 
tinguished by the ear, and, though not pleasant in their 
effect, yet they can be endured. As the frequency of the 
beats increases, the harshness of the sensation becomes 
greater and greater, until the effect on the ear becomes 
actually painful. 

But, if the flashes of light or beats of sound succeed 
one another so rapidly that the sensation of one flash or 
beat remains till the next arrives, you will have continu- 
ous sensations that are not unpleasant. In other words, 
continuous sensations are pleasant, but discontinuous or 
broken sensations are disagreeable. 

If two sonorous vibrations reach the ear together and 
make a disagreeable sensation, then we may be sure that 
the difference in the numbers of their vibrations gives a 
number of beats per second which do not follow one an- 
other with sufficient rapidity to blend into a smooth, un- 
broken sensation. In other words, these beats are so few 
in a second that the sensation of one disappears before the 
next arrives, and so discord is the sensation ; but, if the 
frequency of the beats be sufficiently increased, the sensa- 
tion of one remains till the next arrives, and the sensation 
is continuous, and we say that the two sounds are in 
harmony. 

Therefore it at once appears that, if we only can find 
out the number of beats required in a second to blend 
sounds from different parts. of the musical scale, we shall 
be able to state beforehand what notes when sounded 
together will make harmony and what notes will make 
discord. 

By many experiments I have found the number of 
beats per second that two sounds must make to be in har- 
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mony. In the following table a few of the results of 
my experiments are given : 



N 

• 


V 


B 


D 


c 


64 


16 


^ .0625 sec. 


c 


128 


26 


^ = .0384: " 


c' 


256 


41 


^ = .0212 " 


g' 


384 


60 


Vff-.0166 " 


c" 


612 


'^8 


•7V = .0128 " 


e" 


640 


90 


A =.0111 " 
Ti7=.0091 " 


g" 


768 


109 


c'" 


1024 


135 


T.|y = .00Y4 " 



Colunm N gives the names of the notes given by the 
vibrations per second in Column V. The c' in this series is 
that used by physicists generally, and gives 256 vibrations. 
In Column B is given the smallest number of beats per 
second which the corresponding sound must make with 
another in order that the two may be in harmony, or, 
as it is generally stated, may make with the other the 
nearest consonant interval. If 47 beats per second of c', 
for example, blend, then the sensation of each of these 
beats remains on the ear ^ of a second. In Column D 
are given these durations in fractions of a second. As 
these fractions are the lengths of time that the sensation 
of sound lingers in the ear after the vibrations of the 
air near the drum-skin of the ear have ceased, they are 
very properly called the durations of the residual sono- 
rous sensations. 

You observe in the table that this duration becomes 
shorter as the pitch of the sound rises. Thus, while the 
residual sensation of C is ^ of a second, that of c'" is 
only Tiy. 

Let us use the knowledge thus acquired by making it 
aid us in a few calculations and experiments. The table 
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shows that if c' is sounded with a note which makes with 
it 47 beats in a second, then these beats will fuse into one 
smooth, continuous sensation, and the notes must be in 
hannony. What is this note ? It is found in this man- 
ner : c' is made by 256 vibrations per second, and the 
note which will make just 47 beats with it in a second 
must make 256 + 47 or 303 vibrations in a second. This 
number of vibrations makes a sound a little lower in pitch 
than be'. This is the minor third of c'. 

ExPBBiMKNT 128. — ^Now let one sing c' while another 
sings be', and you will find that these sounds form an in- 
terval which is just within the range of harmony. 

ExPEBiMENT 129. — Sing c' and e', then c' and g', and 
you will have yet more pleasant and smooth sensations. 

ExPBBiMENT 130. — ^But if ouc sings c' while another 
sings d' you have decided discord, an unpleasant rasping 
sensation in the ears. The reason of this is at once ap- 
parent : c' makes 256 while d' makes 288 vibrations in a 
second, and 288 less 256 gives 32 as the number of beats 
made in a second ; but the table shows that 47 are needed 
in a second so that they may follow each other quick 
enough to blend. 

Making similar calculations throughout five octaves, 
we have found the nearest consonant intervals for the c of 
each octave from C to c^^. These are here given* It will 
be observed that this interval contracts as we ascend the 
musical scale — a fact which has been well established. 



The neareRt consonant interval of is its major third. 


t( (( 


(( 


(( 


*' c " minor third. 


t( (( 


« 


C( 


" c' " minor third, less J^ semitone. 


U (t 


(i 


(( 


(i q" u ti a 1/ « 


U {( 


(( 


t( 


" c'" " second. 



{( 



« " " " c'^ " second, less J^ semitone. 
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Our experiments in sound have led us into music. We 
find that fundamental facts and laws of harmony may be 
explained by physiological laws — ^by rules according to 
which our sensations act. Music is the sequence and con- 
course of sounds made in obedience to these laws. The 
explanation of many of these may be beyond our power ; 
for the connection existing between aesthetic and moral 
feelings and sensations which cause them remains be- 
hind a veil. But it may be imagined that distant ages 
may bring forth man so highly organized that he may 
fi,nd his pleasure and pastime in 

" Untwisting all the chains that tie 
The hidden sovd of harmony." 



THE END. 



List of Apparatus used in the Experimeivts on Light 
and Sound, with the prices, as supplied by George 
WaZe ^ Co,, Hdbohen, Jfew Jersey. 

XIGHT, 

Helios tat 1 6 00 

Water-lantern 5 00 

Glass tube 05 

Pulse-mirror 05 

Square bottle for refraction 15 

Plano-convex lens 75 

Small double-convex lens 60 

Flask for condenser of solar microscope '^6 

Glass cylinder for experiment of the illuminated jet — ^to be used 
with plano-convex lens in place of the large flask shown in 

Fig. 23 , 1 50 

Glass prism 60 

Top 10 

Cake of vermilion paint 15 

Cake of emerald green paint , . 15 

Nuremberg violet, in powder, to be used with gum-water 15 

Two small slips of clear glass 05 



$U 85 

SOUND. 

' 1. Heliostat,. \ 

2. Water-lantern, > the same as under " Light." 

2. Pliino-convex lens, ) 

3. Return-ball and fine wire $ 05 

13. Blackburn's double pendulum 2 50 

8. Slips of wood and board 25 

9. Pair of pine rods, for vibrating 25 

17. Boxes, to be half filled with sand, for supports 1 00 

17. Two pine rods, with mirrors : . . 80 

76. OneC-fork; , 75 

95. Two A-forks, mounted on resonant boxes 2 50 
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42. Disk for foot of fork $ 10 

25. Wooden slide and block for fork 25 

27. Brass disk for Chladni's figures 1 00 

32. Tin flute 15 

83. Eundt's experiment with whistle and tube containing silica... 80 

84. Glass tube, 3 feet long, f inch in diameter 10 

40. Lovers* telephone , . . . . 25 

64. Two resonant bottles with glass plates 15 

47. Organ pipe A 75 

54. Geyer's sensitive-flame « 1 00 

55. Wooden railway and seven glass marbles 1 50 

57. Long brass spring-cord and resonant box 1 50 

68. Rotator, with four disks, viz., siren, Crova^s, Rood^s, and 

Mayer's 4 50 

77. Punch for cutting holes in siren disks 50 

73. Tin trumpet 06 

81. Resonant glass tube, 1 foot long, f inch in diameter 05 

100. Slinging whistle and 3 feet of large tube 60 

88. Sonometer 2 50 

88. VioUn-bow 50 

112. Konig's vibrating flame 2 60 

16. Twelve plates of glass, each 6 inches square 50 

16. Bottle of varnish 15 

13. Sand 10 

45. Six sheets of linen paper 05 

71. Wax, 2 ounces * 10 

88. Rosin, 2 jounces 10 

25. Camphor, 2 ounces 10 

31. Lycopodium, 2 ounces 10 

33. Silica powder, in 1-ounce bottle 25 

25. Copper-foil .05 

9. Camers-hair pencil 06 

24. Tin-foil , 10 

|27 50 

The numbers prefixed to the above list refer to similarly numbered 
experiments in " Sound " m which these articles are used. 
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LIGHT: 



A SERIES OF SIMPLE, ENTERTAINING, AND INEXPENSIVE EX- 

PERIMENTS IN THE PHENOMENA OF LIGHT, FOR THE 

USE OF STUDENTS OF EVERY AGE. 

B7 ALFBED U. MATES and OHABLES BAMABD. 

Price, $1.00. 



From the New York Evening Post. 
" A singularly excellent little hand-book for the use of teachers, parents, and chil- 
dren. The book is admirable both in design and execution. The experiments for 
which it provides are so simple that an intelligent boy or girl can easily make them, and 
so beautiful and interesting that even the youngest children must enjoy the exhibition, 
while the whole cost of all the apparatus needed is only $12.40. The experiments here 
described are abundantly worth all that they cost in money and time in any family 
where there are boys and girls to be entertained." 

From the New York Scientific A merican. 
"The experiments are capitally selected, and equally as well described. The book 
is conspicuously free from the multiplicity of confusing directions with which works of 
the kind too often abound. There is an abundance of excellent illustrations." 

From the A merican Journal 0/ Science and A rts. 

"The experiments are for the most part new, and have the»merit of combining pre- 
cision in the methods with extreme simplicity and elegance of design. The aim of the 
authors has been to make their readers ' experimenters, strict reasoners, and exact ob- 
servers,' and for the attainment of this end the book is admirably adapted. Its value 
is further enhanced by the numerous carefully-drawn cuts, which add greatly to its 
beauty." 

From the Boston Globe. 

"The volume seems well adapted to the needs of students who like to have their 
knowledge vitalized by experiment. The fact that nearly all the experiments described 
are new, and have been tested, is an additional recommendation of this handy volume. 
The illustrations add to its interest and value, and its simplicity, both of design and 
execution, will commend it to beginners and others seeking information on the sulyect." 

From the Philadelphia Press. 
"It supplies a large number of simple and entertaining experiments on the phe- 
nomena of light, that any one can perform with materials that may be found in any 
dwttlling-house, or that may be bought for a small sum in any town or city. This 
actually is philosophy in sport, which thoughtful or ready minds can easily convert 
into science in earnest." 



D. APPLETON & CO., 549 & 551 Broadway, New York. 



T/m Coined Plates iUnstrating thin ediHonqfthe tcork, requiring great car€ 

in printing, were executed in London, 



SPECTRUM ANALYSIS, 

In its Applioation to Terrestrial Sabstanoes, and the Pliysioal 
Constitution of the Heavenly Bodies, 

Familiarly explained, by Dr. H. Schellen, Director der Realschule 
I. 0. Cologne. Translated from the second enlarged and revised 
German edition, by Jane and Caroline Lassel). Edited, with 
Notes, by William Huggins, LL. D. With numerous Woodcuts, 
Colored Plates, and Portraits ; also. Angstrom's and Eirchhoff *s 
Maps. 455 pages, 8to, cloth. Price, $6.00. 



From the ChemieeU Xewg, 

*^Thi8 admirable work does credit to, or should we say is worthy of tlie 
author, tbe translators, and the editor. The flrat part treats on tiie artificial 
sources of high degrees of heat and light ; the second on Spectrum Analysis 
in its applicatioo to the heavenly bodies. We must approve the method fol- 
lowed m the translation, and by the editor. Id many translations the views 
of the author are suppressed, in order that the views of the translator or 
editor may be expounded; but here Dr. Huggins, however leniently such a 
foult might have been looked upon with him, has permitted the author^S 
views to remain intact, clearly stating his own and wherein lies the differ- 



ence." 



From the Chicago Tost, 



** The obiect of this volume is to introduce the general reader into a new 
realm of science, and acquaint him with the particulars and tbe results of 
the most brilliant discovery or the present century. Whoever has an appre- 
ciative sense of th&l)eauties and wonders of Nature, illuminated by science, 
will find this volume a rich mine of enjoyment which he will do wisely to 
explore." 

. From the 'Philadelphia Age, 

" The contents are formidable in appearance, but the average reader win 
find its exposition easily intelligible. To many the revelations of this book, 
BO marvellously minute, and yet so unerringly accurate, will be as wonder- 
fill as the stories of the *■ Arabian Nights.' " 

From the Boston Olobe, 

" Certainly, as regards mere knowledge, the Spbctbuk Analysis has let 
us into many secrets of the physical universe, which Newton and La Place 
would have declared impoesible for man's intellect to attain. The science 
is still in its infancy, but it is prosecuted by some of the ablest, most par 
tient, and most enthusiastic observers.* and some of the keenest thinkers, 
at present existing on our little, insignificant physical globe." 

D. APPLETON & CO., PnbUshen, 

B49 Si 551 BROADWAY, N. T. 



D. Appleton & Co.'s New Publications. 

A Manual of the Anatomy of Invertebrated Ani- 
mals. 

By Thomas H. Huxley, LL. D., F. R. S. 1 vol., 58 Y pages. . Cloth, 

"All students of Comparative Anatomy have felt the want of Bucb a manual as 
this, which supplements Professor Uuzlev^s * Manual of Yertebrated Animals,^ pub- 
lished in 1871, and completes his undertaking to produce a treatise for students' on this 
extensive and complex branch of anatomical inquiry. Professor Huxley^s plan is some- 
what similar to what is known as the zodlogical method, which groups animals in ' nat- 
ural orders,^ according to a taxonomic system, and in which the anatomical characters 
of the animals belonging to each of these orders are described and compared with each 
other. This is unquestionably the most suitable plan, as it prevents confusing the reader 
with a multitude of subordinate facts. The introduction and first and last chapters 
are specially interesting to the general reader, who is here Aimished with the most com- 
pact account of the present aspect of the science of comparative anatomy in the English 
language."— ilTa^wrc. 

The Ancient Life- IHi story of the Earth, 

A Comprehensive Outline of the Principles and Leading Facts of 
Palaeontological Science. By H. Alleyme Nicholson, M. D., etc.. 
Professor of Natural History in the University of St. Andrews. 
With numerous Illustrations. 1 vol., small 8vo, 408 pages. Cloth, 
$2.00. 

Professor Nicholson gives us a compact and popularly-written introduction to a 
very important department of science. His opening remarks on the ^' Principles of Pal- 
aeontology " sufiiciently prepare those who may be totally unacquainted with the funda- 
mental facts of geological science for a profitable perusal of the succeeding chapters. 
His work constitutes an able exposition and summary of the fects of palaeontology, suit- 
ably arranged ; and he has wisely availed himself, to the fullest extent, of woodcut 
illustrations in aid of his descriptions of the fossil forms. 

Elements of Geology, 

A Text-Book for Colleges and for the General Reader. By Joseph 
Le Conte, author of '* Religion and Science," etc., and Professor 
of Geology and Natural History in the University of California 
1 vol., 8vo. 688 pages, with upward of 900 Hlustrations. Cloth. 
Price, $4.00. 

** A good college text-book of geology has hitherto been wanting. There has been 
no American work for high-class institutions which treats ihe subject so as to meet the 
requirements of intelligent and scholarly people, who yet do not expect to become in- 
dependent cultivators of geological science. This manifest gap has nqw been filled by 
the publication of the work before us, and a careful examination of the volume con-> 
vinces us that it has been executed with great judgment with reference to the present 
needs of higher education. Besides preparing a comprehensive text-book, suited to 
present demands, Prof Le Conte has given us a volume of great value as an exposition 
of the subject, thoroughly up to date. The examples and applications of the work are 
almost entirelv derived from this country, so that It may oe properly considered an 
American geology. This is of advantage to the American student. A prime object 
with the author has been to interest his readers. We can commend this work without 
qualification to all who desire an Intelligent acqnaintuice vrith geological science, as 
fresh, lucid, AilL, authentic, the result of devoted study, and of long experience in teach- 
ing. It is profiisely and elegantly illustrated."— 7%« Popular Science Monthly. 

D. APPLETON & CO., 649 & 561 Broadway, New Yobk. 



D. Appleton & Co.'s New Publications. 



The Source of Muscular Power. 



By Austin Flint, Jr., M. D., author of "Physiology of Man, designed 
to represent the Existing State of Physiological Science as applied 
to the Functions of the Human Body," etc. 1 vol., 12mo. Price, 
11.00. 

** There are few questions relating to PbysiolofiT of greater importance than the one 
discussed in this volume. Nor is there any scientinc question which ought to command 
more popular interest, when we consider now much attention is given to athletic ex- 
ercises at our schools and universities. Is extraordinary muscular exertion perform^ 
at the expense of the tissues, or does it merely represent the conversion of food into 
force— the muscular system being only the medium, and not the source, of the dynami- 
cal operation. The author concludes, firom experiments, that the direct source of dy- 
namic action in the living body is to be looked for in the muscular system Itself. The 
exercise of the muscles immediately involves the destruction of a certain amount of 
muscular substance, of which the nitrogen excreted is a measure. Indirectly, nitrogen- 
ized food is an aliment of power, since through assimilation by the muscular tissue it 
repairs waste and develops capacity for work. But food is not directly converted into 
force in the animal mechanism, nor is it in any sense a source of dynamic action, ex- 
cept as it maintains the muscular system in a proper condition for exertion. That is 
the conclusion which Dr. Flint seems to have grounded on sure foundations, although 
it is diametrically opposed to the current opinion among physiologists in recent years.'^ 
—New York Sun. 



The Physiology of Mind. 



Being the First Part of a third edition, revised, enlarged, and in 
great part rewritten, of " The Physiology and Pathology of Mind." 
By Henry Maudsley, M. D. 1 vol., 12mo. Cloth. Price, $2.00. 

" ' The Physiology of Mind,^ by Dr. Maudsley, is a very engaging volume to read, 
as it is a iVesh and vigorous statement of the doctrines of a growing scientific school 
on a subject of transcendent moment, and, besides many new facts and important views 
brought out in the text, is enriched by an instructive display of notes and quotations 
ft*om authoritative writers upon physiology and psychology; and by illustrative cases, 
which add materially to the interest of the \i(^\i?^— Popular Science Monthly. 

Physiological /Esthetics. 

By Grant Allen, B. A. 1 vol., 12mo. Cloth. Price, |1.50. 

"Mr. Grant Allen has seized on a subject that is entirely Ignored by physiological 
treatises, while those who have handled it from a psychological point of view have in 
general been ignorant of physiology. Mr. Grant Allen has read widely, and has read 
well, while he suggests several very interesting explanations of mental condition that 
have hitherto been involved in hopeless obscurity.'" — The Lancet. 

D. APPLETON & CO., 649 & 661 Bboadway, New Yobk. 



The Works of Prof. E. L. Youmans, M.D. 



I. — Class-Book of Chemistry* 

New edition. 12mo. $1.60. 

11.— Hand-^Book of HousehoUl Science. 

12mo. $1.75. 

III.— The Culture demanded by Modern Life, 

A Series of Addresses and Arguments on the Claims of Scientific Kdncation. 
Edited, with an Introduction on Mental Discipline in Education. 1 vol, 12mo. 
Cloth, $2 00. 

IV. — Correlation and Conservation of Forces, 

A Series of Expositions by Prof Grove, Prof. Helmholtz, Dr. Mayer, Dr. Faraday, 
Prof. Liebig, and Dr. Carpenter. Edited, with an Introduction and Brief 
Biographical Notices of the Chief Promoters of the New Views, by Edwasd 
L. YOUMAMB, M. D. 1 vol., 12mo. Cloth, $2.00. 

V. — The Popular Science Monthly, 

Conducted by E. L. and W. J. ToxniANS. 

Containing instructive and interesting articles and abstracts of articles, original, 
selected, translated, an(l illustrated, from the pens of the leading scientific men of dif- 
ferent countries. Accounts of important scientific discoveries, the application of science 
to the practical arts, and the latest views put forth concerning natimil phenomena, 
are given by savants of the highest authority. Prominent attention has also been de- 
vote to those various sciences which help to a better undei^tanding of the nature 
of man, to the bearings of science upon the questions of society and government, to 
scientific education, and to the conflicts which spring from the progressive nature of 
scientific knowledge. 

The Popular Science Monthly !s a large octavo of 128 pages, handsomely 
printed on clear type, and, when necessary to further convey the ideas of the writer, 
fhlly illustrated. 

Tebms: Five Dollars per Annum, or Fifty Cents per Number. Postage prepaid 
to all Subscribers in the United States. 

Yl.—The Popular Science Monthly Supplement, 

Conducted by E. L. and "W. J. Youmans: 8vo. 

The Popular Science Monthly was established as a means of giving better ex- 
pression in this country to two important tendencies of the present age: first, the 
greatly -increased activity of scientific inquiry, and the enlargement of the sphere of 
scientific thought; and, second, the growing habit of the leading minds of all countries 
to contribute their choicest intellectual work for periodical publication. 

.These tendencies have strengthened, year by year, in so marked a degree, that the 
limits of the Monthly have proved inadequate to secure the object for which it was 
started. So many excellent things were constantly slipping by us for want of space — 
so many sterling articles by the ablest men in England, France, and Germany, which 
our readers would prize, and have often called for— that, to make our work effectual, 
and meet the new aeroands, we find it necessary to print Supplements to our regrular 
issues. 

We shall issue a Supplement of 96 pages every month, price 25 cents ; or, by sub- 
scription, $3.00 a year, post-paid. 

7>. APPLET ON <k CO.^ 649 & 561 Bt-oadway, New Yoth 



WOfiES OF RICHAEB ANTIOM FBOCTOB. 



OTHER WORLDS THAN OURS: The Plurality of Worlds, studied 
under the Light of Recent Scientific Reseiarches. With Illustrations, 
some colored. 12mo. Cloth. Price, $2.50. 

LIGHT SCIENCE FOR LEISURE HOURS. A Series of Familiar 
Essays on Scientific Subjects, Natural Pheuomeua, etc. 1 vol., 
12mo. Cloth. Price, |1.75. 

ESSAYS ON ASTRONOMY. A Series of Papers on Planets and Mete- 
ors, the Sun, Stars, etc. With 10 Plates and 24 Wood Engravings. 
1 vol., 8vo. Cloth. Price, 1^4.50. 

THE MOON: her Motions, Aspect, Scenery, and Physical Conditions. 
With Three Lunar Photographs, and many- Plates, Charts, etc. 1 
vol., 8vo. Cloth. Price, |5.00. 

THE EXPANSE OF HEAVEN. A Series of Essays on the Wonders 
of the Firmament. 1 vol., 12mo. Cloth. Price, $2.00. 

OUR PLACE AMONG INFINITIES. A Series of ^Essays contrasting 
our Little Abode in Space and Time with the Infinities around us. 
To which are added Essays on the Jewish Sabbath and Astrology. 
1 vol., 12mo. Cloth. Price, |1.76. 



HELMHOLTZ (H.), Professor of Physics in the University of Berlin. 
Popular Lectures on Scientific Subjects. Translated by E. Atkinson, 
Ph.D., F.C.S. With an Introduction by Prof. Tyndall. 12mo. 
Cloth. Price, $2.00. 



D. APPLETON & CO., 649 & 661 Broadway, New York. 



International Scientific Series. 



irOW BEADY. 

I. FORMS OF WATER, In Clouds, Rain, Rivers, Ico, and Glaciers. By Prof. 

John Ttndall. 1 vol. Cloth. Price, $1.50. 
II. PHYSICS AND PONTICS; or. Thoughts on the AppUcatioB of the Prin- 
ciples of "Natural Selection"^ and ''Inheritance'' to Political Society. By 
WALTBB Baokhot. 1 vol. Cloth. Price,$1.50. 

III. FOODS. By Edward Smith, M. D., LL. B., P. R. S. 1 vol. Cloth 

Price, |] .75. 

IV. MIND AND BODY. The Theories of their Relations. By Alexander 

Bai.v, LL.D. 1vol., 12mo. Cloth. Price, $li)0. 
V. THE STUDY OF SOCIOLOGY. By Hkrbert Spbnckr. Price, $1.50. 
VI. THE NEW CHEMISTRY. By Prof. Josiah P. Cooke, Jr., of Harvard 

University. Ivol^iamo. Cloth. Price, $2.00. 
VII. THE CONSERVATION OP ENERGY. By Prof. Balfour Stewart, 
LL. D., F. R. S. 1 vol, 12mo. Cloth. Price, $1.60. 
VIII. ANIMAL LOCOMOTION; or. Walking, Swimming, and Flying, with a 
Dissertation on ASfonautics. By J. Bell Pbttiorew, M.D. 1 vol., 
12mo. Illustrated. Price, $1.75. 
IX. RESPONSIBILITY IN MENTAL DISEASE. By Henry Maudslrt, 

M.D. Ivol, 12mo. Cloth. Price, $1.50. 
X. THE SCIENCE OF LAW. By Prof. Sheldon Amob. 1 vol., 12mo. Cloth. 

Price. $1.75. 
XI. ANIMAL MECHANISM. A Treatise on Terrestrial and Atrial Locomotion. 
By E. J. Marny. With 117 Illustrations. Price. $1.75. 
XII. THE HISTORY OF THE CONFLICT BETWEEN RELIGION AND 
SCIENCE. By John Wm. Draper, M.D., LL. D., author of ''The Intel- 
lectual Development of Europe.'' Price, $1.75. 

XIII. THE DOCTRINE OP DESCfENT, AND DARWINISM. By Prof Oscar 

Schmidt, Strasburg University. Price, $1.60. 

XIV. THE CHEMISTRY OF LIGHT AND PHOTOGRAPHY: In its Applica- 

tion to Art, Science, and Industry. By Dr. Hermann Vogel. 100 Illustra- 
tions. Price, $2.00. 
XV. FUNGI ; their Nature, Influence, and Uses. By M. C. Cooke, M. A., LL. D. 
Edited by Rev. M. J. Berkeley, M. A., F. L. S. With 109 Illustmtions. 
Price, $1.50. 
XVI. THE LIFE AND GROWTH OF LANGUAGE. By Prof W. D. Whtiney, 
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